University of Central Florida

STARS
Electronic Theses and Dissertations, 20202021

Surface Engineering of Cerium Oxide Nanocyrstal Dispersions:
Colloidal Properties, Ageing Effects, & Electroanalysis
Craig Neal
University of Central Florida

Part of the Biology and Biomimetic Materials Commons

Find similar works at: https://stars.library.ucf.edu/etd2020
University of Central Florida Libraries http://library.ucf.edu
This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted
for inclusion in Electronic Theses and Dissertations, 2020- by an authorized administrator of STARS. For more
information, please contact STARS@ucf.edu.

STARS Citation
Neal, Craig, "Surface Engineering of Cerium Oxide Nanocyrstal Dispersions: Colloidal Properties, Ageing
Effects, & Electroanalysis" (2021). Electronic Theses and Dissertations, 2020-. 961.
https://stars.library.ucf.edu/etd2020/961

SURFACE ENGINEERING OF CERIUM OXIDE NANOCYRSTAL
DISPERSIONS: COLLOIDAL PROPERTIES, AGEING EFFECTS, &
ELECTROANALYSIS

by

CRAIG J. NEAL
M.S. University of Central Florida, 2016

A dissertation submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Materials Science and Engineering
in the Department of Materials Science and Engineering
in the College of Engineering and Computer Science
at University of Central Florida
Orlando, Florida

Spring Term
2021

Major Professor: Sudipta Seal

© 2021 Craig J. Neal

ii

ABSTRACT
Colloidal materials are highly diverse and present complex physicochemical
properties which define their utilities in applications spanning diverse industries. In
particular, nano-scale colloids have received tremendous attention due to their unique,
specific activities as compared to larger-sized preparations. Within the biomedical
sciences, nano-colloids are routinely used as inert carriers of therapeutics and/or
diagnostic agents. Beyond this, researchers have developed functional colloids which
demonstrate bio-active or diagnostic properties themselves: often related to an optimized,
or tuned, surface character. Among these, nanoscale cerium oxide (nanoceria) has
shown great promise as a bi-functional, therapeutic material: producing pro- or antioxidative chemical response in bio-systems via unique redox reactions mediated by the
material surface. Studies investigating these reactions have highlighted details of material
synthesis and, in particular, of the physicochemical environment interfacing with the
material. Attention has been especially focused on the impacts of surface
hydration/hydroxylation; ligand and co-/counter- ion adsorption/complexation; and restructuring/micro-structuring on redox chemistry.
This work seeks to address the complex surface character of several nanoceria
formulations and to engineer novel formulations with potentiated redox activity. In
particular, the influence of synthesis/processing conditions on colloidal stability, and
surface properties are examined. The first section provides an introduction/overview of
related colloid science and implications to nanoceria. Sections 2 and 3 highlight specific
physicochemical properties relating to colloid formation and the effects of ageing on a
iii

peroxide-based nanoceria synthesis. Further, the developed understanding of these
properties is used to produce surface-modified formulations with optimized redox
properties for material use in biomedical applications. Section 4 details a study into the
preparation of novel silver-modified nanoceria formulations, as well as highlights the
variation in material surface character with unique synthesis conditions/processing.
Further, syntheses of doped cerium oxide formulations are performed to produce particles
of varying oxygen vacancy densities. Electroanalytical techniques (voltametric
techniques) are used to provide detailed characterization of fundamental material
character related to surface activity. Assays for enzyme-mimetic activities are used
throughout to compare and optimize formulations.

Keywords: Cerium Oxide, Colloid, Surface Engineering, Sol-gel processing,
Reducible Oxide, Nanoceria
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INTRODUCTION
1.1

Metal Oxide surface and nanoscale chemistry
1.1.1 Overview

Metal oxide-based nanomaterials present both a unique challenge and opportunity
across a variety of industrial applications. These materials are highly stable in aqueous
environments, as opposed to other materials found in technological products. Specifically,
metal chalcogenides (e.g. semiconductor quantum dots, CdSe/CdS) or pnictide materials
are subject to oxidation in water or air (i.e. corrosion): leading to rapid, irreversible loss of
activity. In contrast, metal oxides are inert to these effects and retain their activities over
greater time periods. Further, less stable material compositions showing high utility in
areas such as biomedical applications are subject to even harsher conditions, given the
elevated temperature and high ionic strength environments of bio-fluids. Metal oxide
nanomaterials also allow synthesis in aqueous conditions, as opposed to the organic
chemicals typically used for non-oxide syntheses. Facile synthesis in water allows a more
green (environmentally benign) reaction condition, without the requirement for
contaminating or toxic organics. In addition to environmental considerations, synthesis in
absence of organics is especially valuable in biomedical applications, wherein presence
of organic materials as residues from synthesis can lead to confounding results and a
general tendency towards toxicity 1. Aqueous environments also allow synthesis in
aerated conditions: removing the difficulties and hazards of syntheses in anaerobic
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environments. Despite the obvious advantages of such reactions, formation of desired
material products is appreciably more complex.
While syntheses in organic media and anaerobic environments allow precise
control of synthesis chemistry, aqueous syntheses in air are subject to a constellation of
physicochemical forces guiding product formation

2.

These forces arise from the

inhomogeneity of water/air as environmental factors and from their involvement in
chemical processes. The inherent correlation (i.e. coupling) between these factors lead
to highly complex processes in solution, especially upon addition of reagents meant to
effect specific reactions. In particular, the pH buffering and dissociate nature of aerated
water lead to unique (local state dependent) modifications/formations of chemical species
(due to formation of pH gradients). Upon addition, ionic metal precursors undergo ionic
dissociation followed by a series of acid-base reactions leading to complex formations.
From here, formation of oxide products is effected through physical and/or chemical
manipulations to induce hydrolytic reactions resulting in the final oxide product.
Throughout all steps involved, synthesis media and environment contribute to the final
material: with widely varying products produced from comparatively subtle changes in
synthesis conditions.
The following sections provide specific background information related to these
processes: detailing more common approaches to metal oxide aqueous syntheses and
related phenomenology. The content of this dissertation is focused specifically on the
synthesis and application of cerium oxide nanoparticles and, therefore, will be used as a
model system where appropriate.
2

1.1.2 Aqueous synthesis chemistry
Water is unique among solvent media in that it has a high dielectric constant and
polarizability. In possessing both qualities, water is capable of both inducing solute
dissociation and mediating solvation of the species formed. Upon addition of an ionic
metal precursor to solution, the salt dissociates to form solvated charged species.
Dissociation of the salt is (near) complete if the interaction is highly ionic and the chemical
products are sufficiently soluble, as is the case for the cerium nitrate hexa-hydrate
(Ce(NO3)3•6H2O) salt used throughout this dissertation. While both the metal cation and
counter anion become solvated, reaction chemistry is governed by interactions specific
to the metal cation. The effects of counter anion species can be non-negligible even in
instances of complete initial ionization. However, for simplicity and generality of the
following material, anionic contributions to product formation will be ignored. It should be
noted that aqueous chemistry is highly sensitive to the acid-base and redox character of
metal species involved as well as to reaction conditions such as pH and temperature. In
aggregate, these properties will have substantial influence on solid formation processes,
as well as the final character of the phases formed.
Water solvation of metal ions leads to the formation of an aquo-complex
([Mx(OH2)]y, where ‘M’ represents a metal ion of charge ‘x’ forming a complex with water
molecule(s) of charge ‘y’) 2. Depending on the pH conditions of the synthesis solution and
the identity of the metal ion, this complex may become a hydroxo- (M(OH)) or oxocomplex (M(O)). For most trivalent metal ions, a hydration sphere forms around the
species in the form of six coordinated water molecules, as is the case for Ce 3+. De3

protonation of a water molecule leads to the formation of a hydroxo-aquo complex of the
form Ce(OH)x(OH2)y (where ‘x’ and ‘y’ are related to the material/environment specific
hydration number) 3. Formation of hydroxo- and oxo- ligands is predicated on the induced
dipole related to the metal center polarizability (dependent on the species ionic size and
charge number). In producing metal oxide products from these complexes, hydrolysis
reactions can be accomplished by controlling the physicochemical environment.
Introducing higher temperature leads to an increase in the dissociation of water:
effecting hydrolysis of the metal complex. Alternatively, raising the solution pH induces
de-protonation, further polarizing the evolved hydroxo- ligand and mediating hydrolysis to
more oxidized metal products. For cerium-based complexes, a change in the metal redox
state from Ce3+ to Ce4+ occurs and promotes further reaction towards the oxide product
due to the extreme low solubility of the 4+ state cation in aqueous environment 4. Control
of this redox reaction is central to the formation of a cerium oxide product.
Oxidation of the cerium ion has been accomplished principally via two unique
approaches. The first and most common is via oxidation during hydrolysis in presence of
O2 molecules 4. Several studies have been performed implicating this and related
processes in the conversion of Ce3+ to Ce4+ with the acid/base chemistry of each state
being highlighted. In an alternative approach, cerium is treated with an oxidizing agent
such as hydrogen peroxide to accomplish the charge transfer

5 6.

In these studies,

conversion to Ce4+ is intended to allow favorable hydrolysis of the cerium complex, due
to the above-mentioned low solubility of the oxidized cerium state, theoretically allowing

4

homogeneous precipitation of the oxide product. In alkaline environments, the cerium
complex transforms for each case in the forms proposed in other studies as
𝐶𝑒(𝑂𝐻)3 → 𝐶𝑒(𝑂𝐻)4 𝑜𝑟 𝐶𝑒(𝑂𝑂𝐻)(𝑂𝐻)3

(1.1)

For the peroxide-mediated complex, a hydroxo- ligand is substituted by a peroxoligand of similar character 6. Formation of solid phases from these complexes occurs
through a further series of de-hydration reactions with the nucleophilic hydroxo- ligands
leading to condensation of the reactant complexes.
1.1.3 Sol-gel process
Condensation of precursor complexes occurs trough reactions generally defined
by olation and oxolation. In each case, condensation occurs through the formation of a
bridging group and loss of a leaving group 2. Olation occurs through a dissociative
substitution reaction, wherein an aquo ligand is lost from one complex and a hydroxoligand on the other performs a nucleophilic attack on the metal center of the undercoordinated complex. In this way, a hydroxo- bridge is formed between the parent
complexes. In the case of a complex without aquo-complexes available, condensation
can alternatively occur through oxolation. In this process, an oxo- bridge forms in a similar
manner to olation, though with the proton associated with the bridging oxygen diffusing
to a hydroxo- ligand. The bridging oxygen is more acidic than the terminal hydroxo-ligands
and therefore these groups are able to accept the proton, forming an aquo- group
available to function as a leaving group 2. Oxolation occurs at a much slower rate than
does olation, in general, though these processes can occur together in a single system,
albeit at very different rates. It should also be noted that the relative characters of these
5

processes are highly pH-dependant. Continued condensation alters the partial charge on
the metal center, limiting/terminating the reaction. From here, in the case of metal oxide
forming systems, the inorganic polymers evolved undergo further de-hydration reactions,
via oxolation, to form hydrated oxide species. Formation of polymeric, low-density
networks with substantial hydration are termed gels, while the formation of higher density
compact phases are referred to as sols. In order to produce a final oxide product, most
syntheses include washing and drying steps.
Washing the material product removes unreacted and residual chemical
components. In this way, a pure product may be obtained with subsequent
characterization easily attributed to the sol-gel material. Further, this treatment can
promote additional de-hydration/oxidation reactions by modulating pH, introducing air,
and forcing suspension/dispersal of the solid 4. Optionally, the solid may be treated to
final heat treatments to produce a dry powder. Controlling the heating conditions (e.g.
temperature, gas environment/composition) can allow further product oxidation,
condensation, particle growth (affecting particle number and size dispersion), and/or
defect character. While these heat treatments are valuable in producing homogenous
final material products, they can be detrimental towards the dispersity of product particles
in solution, as well as to their performance in certain applications. Specific examples and
considerations of these conditions will be discussed in later sections.

6

1.2

Cerium oxide materials properties and character
1.2.1 Redox chemistry

Cerium is the most-earth abundant of the rare earth metals. Rare earth elements,
or lanthanides (elements of the lanthanide series), are unique in their possession of
(partly) filled f-orbitals. F-orbitals are small and contracted, leading to nuclear shielding
and limited direct chemical interaction. However, the large number of spatial orbitals
allows considerable magnetic properties due to the formation of unpaired spin states.
Cerium is especially unique in its single electron in an f-orbital, resulting in a low redox
potential between 4f and 5d states. 7 8
The small redox potential allows inter-conversion between these states through a
single electron transfer. Upon electron gain/loss, a cerium atom will change its redox state
in the form of a Ce3+/Ce4+ redox couple. Cerium is an important reagent in analytical and
organic chemistry with the stated redox reaction allowing oxidation/identification of certain
organic functional groups (e.g. phenols, ethers, alcohols) 9. As a solid oxide, cerium is
found in a mixed valence state composed of Ce3+ and Ce4+. Presence of both states in
the solid confers the ability of the material to undergo a similar set of redox reactions.
However, as compared to the aqueous form, redox-based reactions occur at certain
defect sites at the material surface

10.

In particular, interactions with chemical substrates

occur at sites of under-coordination in the material such as vacancies, edges, and apical
sites 11 12 13.
Reactions occurring at oxygen vacancies are of particular interest since their
surface density can be controlled through synthesis approach and approximated as the
7

Ce3+ population density. Oxygen vacancies for nanoscale cerium oxide (nanoceria) tend
to localize to the material surface and near-surface, as demonstrated in both theoretical
and experimental studies 13 14 8. Formation occurs with the loss of oxygen from the lattice
and the formation of 2Ce3+ species at nearest-neighbor positions with respect to the
vacancy. The localization of charge to the vacancy site gives rise to the strong catalytic
activity observed in different applications

13 15.

Charge localization causes the cerium

species to become more reactive to charge transfer, while vacancy sites allow
coordination with chemical substrates 16 17. Of special interest in recent investigations into
nanoceria, are the interactions between defected nanoceria and radical oxygen species.
1.3

Nanoscale cerium oxide in biomedical applications
1.3.1 Enzyme-mimetic character

Nanoceria has been researched extensively in applications utilizing its catalytic
interactions with free radical species 9. Nanoceria has been shown to react with
superoxide, hydrogen peroxide, hydroxyl radical, peroxynitrite, and perchlorite among
others

18 19 13 20 21 22.

In particular, researchers have identified chemical reactions with

reactive oxygen species which mirror the reactions produced by native enzyme systems.
Enzyme-mimetic reactions produced by nanomaterials like nanoceria have
suggested the term nanozyme, with these artificial enzymes being prominent in the
current nanomedicine literature

19.

For nanoceria, the most considered reactions in

literature tend to be catalase and superoxide dismutase (SOD) activity. These
reactions/activities are singled out from the rest due to their observed, inverse
relationship: nanoceria formulations possessing high SOD activity will in general possess
8

low catalase activity

23.

Further, the reactions have a general relation with the relative

concentrations of Ce3+ and Ce4+

24.

Therefore, researchers are able to approximately

determine the enzyme-mimetic character of a given nanoceria formulation by determining
the Ce3+/Ce4+ ratio.
1.3.2 Biomedical Applications
Nanoceria literature has seen an intense increase in studies using the material for
biomedical applications. Over the years, the breadth of areas/subjects within biomedical
science that nanoceria has been used for has increased as well. Much of early application
has been to subjects wherein the interactions with reactive oxygen species is welldefined. Among these, cancer and radiological studies (i.e. in presence of ionizing
radiation sources; gamma, x-ray exposure in vitro and in vivo) arguably comprise the
largest portion of published work. Studies have been performed for a large number of
cancer

cell

lines/origins/disease

neuroblastoma, glioma, etc.)

25 26 27.

models

(e.g.

lung

carcinoma,

melanoma,

Cancer cell conditions are marked by increased

metabolic processes with this aberration from normal functional leading to pH variation
and increased concentrations of reactive oxygen species. A number of studies have
evidenced and implicated nanozyme catalytic activity in forming reactive oxygen species
as the main contribution in controlling cancer growth. With the growing number of studies
into the catalytic response of nanoceria formulations towards cancer models, researchers
looked to produce a more complete image of ceria as a cancer therapeutic. A review by
Corsi et. al discusses activities and nanoceria properties which influence different
formulations therapeutic efficacies as they relate to specific cell properties/processes in
9

cancers

28.

In compliment, work by Shcherbakov et. al analyses nanoceria

formulations/properties from a (bio) chemical viewpoint in cellular environments 9. Use of
nanoceria in neurological and especially neurodegenerative disorders has also been an
area of particular interest. Citrate and citrate/EDTA modified ceria formulations have been
produced with efficacy towards the preservation of neuronal cell types. Diffusion across
the blood brain barrier has also been noted for these modified particles as well as small
diameter (< 5 nm) particles in cases where the barrier becomes permeabilized due to
neurological pathology 29 30. Several neurodegenerative disease models (e.g. Alzheimer’s
disease, Parkinson’s disease, Pick’s disease) have been tested with nanoceria
formulations leading to the general observation that these particles are able to mitigate
inflammation-related responses by amelioration of reactive oxygen species 31 32.
With growing understanding from increased research involvement in nanoceria
biomedical studies, more recent work has utilized the material across a larger scope of
applications. The use of nanoceria in modulation of inflammatory response/processes
such as for diabetes-related disorders and bone/tissue growth are reported with noted
modulation of related protein expressions

33 34 35.

A number of review articles, dedicated

to unique biomedical applications/considerations for nanoceria are available in literature
to compliment the sharply growing number of studies.
1.1

Organization of the Dissertation

The broad, intended goal of this dissertation was to improve the efficacy of
nanoscale cerium oxide formulations for their use in biomedical applications. To
accomplish this goal, two approaches were taken: improve the industrial value of an
10

existing cerium oxide formulation by studying the effects of its extensive ageing period on
the particle product and produce a novel synthesis which shows a broad catalytic activity,
relevant to biomedical applications. By the first method, a peroxide-mediated synthesis is
studies with a synthesis performed to reduce the long ageing period. By the second
method, a novel synthesis is produced which demonstrates catalytic activities which are
shown to be mutually exclusive to formulations traditionally optimized for the respective
enzyme-mimetic activities. The present dissertation is organized in the following chapters.
In chapter 1, important concepts related to the complete dissertation content are
introduced with relevant information detailed sufficient to understand the subjects relayed
in subsequent chapters. The basic fundamentals of metal oxide nanomaterial chemistry
(including factors leading to specific material characters) and enzyme-mimetic properties
are detailed.
In Chapter 2 the individual events of nanoparticle formation via a peroxidemediated synthesis are identified and characterized. In particular, particle formation
events during the nanomaterial ageing process were elucidated via study of the initial
sedimented material and of the continued changing character of solid phases throughout
the extensive ageing period. Characterization of the evolving material product is probed
and related as functions of peroxide reactive ligand character and of changes to pH over
the ageing period. From the produced analysis, further investigations into the precise
influences of these factors on particle product are continued by studies in chapter 3.
Chapter 3 focuses on the presence and action of peroxide as a precipitating as
well as a surface ligand. The influence of peroxide, as such, on the evolved particle
11

product is characterized through synthesis of different solutions of varying peroxide
concentration. Further, the effects of peroxide on the extent of reaction with cerium
precursors is characterized. Given the influence on product size, morphology, and
concentration ascribable to the presence of free ion populations during synthesis
(including the ageing period), the impact on particle surface catalysis post-ageing is also
investigated and related to the initial peroxide concentration. From here, a synthesis was
performed wherein reaction occurs at a fixed pH to optimize the synthesis process and
determine the influence of pH during ageing on particle product and on the overall extent
of reaction. Further, the enzyme-mimetic character of the fixed pH synthesis is measured
and compared against the activity of particles produced through the established
synthesis.
In chapter 4, the focus of peroxide interaction with cerium as a precipitating and/or
stable surface ligand was shifted to studies investigating its surface-catalyzed, reactive
nature on model nanomaterial systems. Ideas and practices developed in the earlier
chapters were applied to the synthesis of a novel silver-modified cerium oxide
nanomaterial formulation. Additionally, an alternative synthesis via a base-catalyzed
forced hydrolysis reaction was performed for two additional formulations. In one
formulations, silver phases were evolved on the material surface leading to a particle
product with lower amounts of reduced state Ce3+, as compared to the method developed
from studies in earlier chapters. In another method, several formulations were produced
which took advantage of doping increasing amounts of a trivalent lanthanide dopant to

12

effect a controlled density of oxygen vacancies for specific formulations across the series.
and to the study of hydrogen peroxide as a reactive surface ligand.
For the silver-modified formulations, the study involves two unique formulations
produced via different chemical approaches to exclude any contaminant silver
nanomaterial phases. In particular, two reaction chemistries are probed. Firstly, the use
of hydrogen peroxide (synthesis detailed in chapter 1) was use due to the known ionizing
reaction with hydrogen peroxide which disallowed the formation of contaminate phases
while allowing silver redox at the ceria surface and the successful incorporation of the
component materials in a well-dispersed solution. The other reaction chemistry utilized
the degradative effects of ammonium hydroxide on contaminate phases. In particular, the
ammonium hydroxide leads to a selective degradation of the silver phase through
oxidative etching followed by the dispersion/stabilization of the ionized silver as aqueous
amine complexes. These contaminate phases are then simply washed away by
centrifugation as aqueous amine complexes. Additionally, ceria formulations were
produced via a forced hydrolysis procedure in presence or absence of samarium nitrate
in fixed concentrations to co-precipitate particles of increasing doped Sm3+ components.
Doping trivalent lanthanide species into the ceria lattice has been shown elsewhere to
produce an increasing Ce3+ content along with associated oxygen vacancies. These
formulations are intended to relate the findings of chapters 2 and 3, involving a high Ce 3+
content material, to more nearly stoichiometric materials. Chemical assays for the
degradation of peroxide were performed for all formulations, along with general materials
characterizations. Further, electrochemical methods were applied as electroanalytical
13

methods to collect additional insights into the character of cerium oxide-associated silver
phases.
The findings from this dissertation should provide added insight into the rational
design of nanomaterials for a number of specific applications in biomedicine. Further, the
breadth of surface characters investigated should allow for specific tuning (i.e. precise
synthesis modification) of a given ceria formulation towards improving/evolving certain
catalytic activities.
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AGEING OF NANOSCALE CERIUM OXIDE: SOL-GEL
CHARACTER AND THE INFLUENCE OF PH
2.1

Introduction

Cerium oxide is a well-studied metal oxide system due to its high utility in a number
of applications including in phosphors, fuel cells, and varied catalysis-based technologies
36 37 38 39.

Cerium is the most earth-abundant of the rare earth (i.e. lanthanides) elements

and is able to undergo redox reactions at its surface with the interconversion of Ce3+/Ce4+
and a related formation/destruction of an oxygen vacancy to preserve charge
neutralization in the lattice according to the equation
𝑥
2𝐶𝑒𝐶𝑒

+

𝑂𝑜𝑥

𝐶𝑒 3+ /𝐶𝑒 4+

↔

′
𝑉𝑜•• + 2𝐶𝑒𝐶𝑒
+ 1⁄2 𝑂2,

(eq. 2.1)

Where CexCe is a neutral charged cerium atom on a cerium lattice site, O xo is a
neutral charged oxygen on an oxygen lattice site, V ••o is a twice negatively charged
vacancy on an oxygen lattice site, and Ce’Ce is a positively charged cerium on a cerium
lattice site

40 7 8.

Catalytic interconversion is accomplished due to the significant overlap

between Ce4f and 5d states (i.e. due minimal energy difference between these states).
Cerium oxide exists as a solid with mixed Ce3+/Ce4+ states in the material (largely at the
surface and near-surface, especially for nanoscale ceria) 8. It has been shown in a
number of theoretical and experimental studies that oxygen vacancies localize to the
material surface and near-surface with 2Ce3+ species generated, and localized to the
vacancy sites, for every released ½ O2. These vacancies have been called catalytic
hotspots in literature due to the observed tendency for catalysis reactions to occur at or
15

near these sites 8 15 10. Further, the general character of these sites (i.e. density, presence
on unique facets, aggregation, mobility) has been shown to correlate strongly with
specific/unique catalytic character (e.g. selectivity towards specific chemical substrates,
reaction kinetics)

41 28.

Nanoscale and colloidal formulations are especially desirable for

certain applications due to quantum confinement effects and the related changes in
electronic structure. Among these, biomedical applications see possibly the greatest utility
due to the potential for colloidal dispersion in biochemical media to accomplish relevant
surface reactions, such as enzyme-mimetic catalytic reactions

42 22 31 43 44.

An overview

of ceria in these applications is provided in section 1.4. Among the numerous synthesis
methods employed to accomplish these applications, precipitation-based methods are by
far the most popular in literature due to the simplicity of the method and the potential for
synthesis modification

6 45.

Further, the methods are amenable to variations in absence

of traditional nanomaterial synthesis methods involving potentially toxic components (e.g.
organic solvents, surfactants, heavy metals). Precipitation reactions occur according to a
sol-gel type process wherein particle formation occurs based on an initial hydrolysis
reaction followed by a series of linear and three-dimensional condensation reactions to
effect solid, well-dispersed nanocrystals.
Ce3+ is highly soluble in water: allowing ease of dissolution for aqueous synthesis
techniques. In contrast, the oxidized form Ce4+ has negligible water solubility: leading to
the precipitation of a hydrated solid. In most cases, a cerium salt such as cerium nitrate
hexahydrate is first dissolved in water, followed by titration with an alkaline solution,
generally to pH 10 – 10.5. It is suggested that at these high pH conditions, highly soluble
16

Ce3+ is oxidized to Ce4+ by water 6. Further, the oxidized cerium is precipitated from
solution as a hydrated oxide (via base-mediated, forced hydrolysis) with the
proposed/idealized stoichiometry of Ce(OH)4
this

composition

depending

on

4 46.

synthesis

Other studies have noted variation in
conditions

with

the

stoichiometry

represented/considered as Ce(OH)4, CeO2•2H2O, or CeO2-x•xH2O. In an effort to produce
homogeneous particle precipitation from ionic precursors, other groups have used
reagents which decompose at elevated temperatures to release a base product: allowing
homogeneous mixing of the reagent (e.g. urea, hexamethylenetetramine) followed by the
decomposition to produce a homogeneous alkaline environment 4. As an alternative to
base-mediated syntheses, authors have suggested the use of chemical agents to change
the redox state of a metal precursor as a means of inducing favorable hydrolysis (i.e. at
a comparatively high rate of reaction, due to the decreased hydrolysis energy) and
potentially controlling the particle size dispersion 5. The proposed method has the
advantage of not subjecting the forming colloids to the harsh environments of strongly
alkaline conditions 47. However, in a study by Djuricic and Pickering, it was observed that
hydrogen peroxide addition alone was insufficient to induce complete oxidation of the
cerium precursor 6. Therefore, the authors noted the need to follow hydrogen peroxide
addition with ammonium hydroxide titration to precipitate the residual cerium content.
Several other authors have incorporated the use of hydrogen peroxide addition followed
by ammonium hydroxide titration. This synthesis design is intended to induce redox of
Ce3+ to Ce4+ followed by the forced hydrolysis of metal-aquo complexes of Ce4+. In each
use case, the particle products are brought to a high pH, washed several times, and in
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most conditions dried to produce a more-nearly fired oxide, stoichiometric composition.
Each synthesis route produces unique, distinct advantages in effecting desirable
products. However, these more harsh/extreme treatments have been shown to remove
micro-structural features from the particles which impart functionally valuable
catalytic/chemical properties. For instance, in a study by Sayle et. al, it was shown that a
cerium oxide sample dried at 60⁰C and then re-dispersed in water lost significant
superoxide dismutase surface activity; with this change in activity ascribed to irreversible
surface relaxation and restructuring

12.

A further disadvantage of such harsh synthesis

conditions/treatments was noted by Nabavi et. al 47. The authors enumerate and discuss
(de-) protonation/de-hydration events occurring at elevated pH. Further, the influences of
such changes on particle dispersity are considered relating to the loss of charge-carrying
chemical structures and the consequent loss agglomeration which occurs between
nanocrystals. However, a peroxide-mediated synthesis of nanoceria has been produced
wherein, instead of driving particle oxidation via base titration and/or heating, the material
is allowed to age, in situ, allowing the catalytic degradation of peroxide over time. These
particles demonstrate a complex life cycle, first partly sedimenting from solution and
spontaneously re-dispersing after ageing sufficient to allow significant degradation of the
excess peroxide used for the synthesis. These particles have shown substantial activity
in a number of important biomedical applications (cancers, neurodegenerative diseases,
instances of diabetic wound healing, etc.) proving strong industrial value

28 31 48 33.

However, formation of these particles occurs slowly over the course of ~ 6 to 8 weeks:
making practical application and scale-up difficult.
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In order to better understand the material-property-structure relationships which
determine the observed biomedical activity, the influence of the ageing process must be
better characterized. In this chapter, a nanoceria formulation from a peroxide-based
method, without additional reagent or hydrothermal treatment, is produced with the
influence of the ageing process determined by probing precipitate character, pH, and
chemical composition throughout. We anticipate that the pH of the reaction will correlate
with the ageing process of the sol and, specifically, that the regions in pH stability over
the period will correspond with measurable/observable changes in the transforming
nanomaterial product.
2.2

Experimental Section

2.2.1 Materials
Cerium nitrate hexahydrate (Ce(NO3)3.6H2O; 99.999% purity), sodium nitrate, 1 N
nitric acid, 3% hydrogen peroxide were all purchased from Sigma Aldrich Chemical Co.
(Milwaukee, WI). All reagents were used without any additional purification. 2 kDa slidea-lyzer dialysis cassettes were purchases from Thermo Fisher Scientific. De-ionized
nanopure water (> 20 MΩ) were used from a Barnstead Nanopure water purifier for all
syntheses and characterization methods.
2.2.2 Synthesis of Cerium Oxide Nanoparticles
Cerium oxide nanoparticles were synthesized via a previously published
procedure 49. Cerium nitrate hexahydrate (Ce(NO3)3•6H2O) precursor was dissolved to a
final concentration of 5 mM in de-ionized water (dH2O; > 20 MΩ resistance) and oxidized
via addition of excess hydrogen peroxide (stock concentration 3 v/v%). Upon peroxide
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addition, the solution becomes deep yellow/orange within approximately 10 minutes.
From here the solution was allowed to age, in-situ, until complete loss of solution
coloration (~ 6 to 8 weeks) in dark. All peroxide solutions were left with their storage caps
loose such that evolved gases could be released to allow reactions to occur at ambient
pressure/atmosphere. Additional samples were dialyzed at different time points to assess
the evolution of colloidal product. Dialysis was performed in 2 L volumes of de-ionized
water (dH2O; > 20 MΩ), under slow stirring. Dialysate was exchanged for fresh solution 3
times every 3 hours and finally left to dialyze over night before the sample solution was
collected.
2.2.3 Material Characterization
Particle ageing was monitored for up to 6 weeks post-synthesis using a pH
multimeter from Denver Instruments (model 250) with a Sartorius pH probe.
Measurements were made every 5 minutes for the first hour, then every 20 minutes until
4 hours, then hourly until 8 hours, 24 hrs, 48 hrs; and 1, 2, 3, 5, and 8 weeks. The
morphology and dried size of the nanomaterials produced in this study were determined
using a Philips Tecnai 300 kV HRTEM. All samples were first dried on holey carbon TEM
grids to at room temperature and then stored under vacuum. UV-Vis spectrophotometry
was performed using a Perkin-Elmer spectrophotometer over a range of 220 to 600 nm.
X-ray photoelectron spectroscopy was used to characterize the materials compositions
(survey, carbon, oxygen, nitrogen, cerium spectrum were collected for each sample) as
well as changes to their surface states. An ESCALAB-250Xi spectrometer was operated
at room temperature in ultra-high vacuum chamber (below 7x10−9 mbar) using a
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monochromatic Al-Kα radiation source, operating at a power of 300 W (15 kV, 20 mA).
The spot size of the beam was 250 µm. C 1s peak at 284.6 eV was used as a reference
for calibration. Avantage Peakfit® software was used to deconvolute XPS spectra.
Gaussian fittings were used throughout with a ‘smart’ background fitting to determine the
measurement baselines for each sample. For reference XPS-simplified spectra from
Thermo Scientific website was used to compare against the obtained spectra as well as
comparisons to literature values. Differential scanning calorimetry and thermogravimetric
analysis were performed for fully aged particles and particles aged for 24 hrs using an
SDT Q4000 spectrometer from TA instruments. Measurements were performed for
aqueous solutions at 35 μL sample volumes in alumina pans. All measurements were
performed under nitrogen flow at 100 mL/min at a ramp rate of 20⁰C/min up to 90⁰C, held
at the temperature for 30 minutes and then ramped up to 1200⁰C. Prior to any sample
measurements the empty pans were first run to allow conditioning of the spectrometer
beams and of the ceramic beams up to 1200⁰C.
2.2.4 Enzyme-mimetic (Superoxide Dismutase) Activity Measurements
Catalytic measurements, superoxide dismutase (SOD) asay, were performed
using commercial kits bought from Dojindo Molecular Technologies Inc. and were used
per the manufacturer’s specifications. Each measurement was performed in triplicate and
contained positive and negative controls in 96 well plates (Costar Corning). All samples
were evaluated in single measurements such that environmental conditions were
constant for all materials. Superoxide scavenging activity were determined and compared
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against positive controls for their relative activities. The kit is based on the reaction with
WST1 working solution and redox of a tetrazolium dye.
2.3

Results and Discussion

2.3.1 Materials Character of Fully Aged Nanoceria product

Figure 2.1: Surface Chemical, Size, and Morphological properties of Aged Nanoceria.
(a, b) X-ray photoelectron spectra of cerium (a) and oxygen (b) components. The
reduced intensity of the satellite peak in (a) suggests high Ce3+ content. TEM imaging
(c) along with selected area electron diffraction evidence high crystallinity of ~5 nm,
well-dispersed nanocrystals.
We begin the analysis of processes occurring over the material ageing period with
a description of the fully aged particles as a reference point. In particular, we highlight the
small size of individual particles, their high degree of crystallinity, chemical composition,
22

and enzyme-mimetic activity (Figure 2.1). From here, to correlate results in the present
chapter with subsequent chapters, the presented formulation herein will be identified as
CNP1. CNP1 has been well-studied over an extensive volume of literature with its
biomedical activity/utility being a subject of singular focus.
X-ray photoelectron spectroscopy (XPS) spectra collected for the material show a
characteristic high fraction of Ce3+ states relative to Ce4+ (Figure 2.1(a)). This information
is obtained through fitting of the spectra to individual doublet peaks particular to each
cerium redox state (i.e. uo, v0, u’, and v’ for Ce3+; u, v, u’’, v’’, u’’’, v’’’ for Ce4+)50. The relative
amounts of each are calculated (using the integrated peak intensities for peaks related to
both states determined through fitting and deconvolution, as detailed in chapter 1) in ratio
as the Ce3+/Ce4+ value; specifically, a value of 1.67 is determined (or 62.6% Ce 3+ and
37.4% Ce4+). This value is especially high for a cerium oxide nanomaterial formulation
suggesting a particularly high presence of reduced state cerium at the surface of the
material. The high ratio value has been related in many studies to a high, general
therapeutic activity in biomedical applications (e.g. cell survival, radiation protection,
protection against neurodegenerative disease pathologies, etc.)

51 52 53 54.

Oxygen

spectra show a related greater relative intensity of Ce3+-interacting oxygen over other
bonding environments. Transmission electron microscope (TEM) images show particles
~ 3 to 5 nm in diameter (Figure 2.1(c)) with high crystallinity, as exemplified by visible
lattice fringes in the image and well-resolved ring structures in selected area electron
diffraction (SAED) patterns (Figure 2.1(d)). Imaging data suggest that terminally-aged
particles are well-formed: allowing reasonable, well-supported attribution of experimental
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observations (e.g. enzyme-mimetic activities) to the final particles’ material properties.
The superoxide dismutase (SOD) activity of the material (Figure 2.1(e)) reflects that seen
in other studies of the formulation and is exceptionally high (control curve shows
absorption due to assay-generated super oxide radicals interacting with assay dye; CNP1
quenches radicals, preventing dye oxidation to a colored product).
Given the high performance of CNP1 in enzyme-mimetic activity and its related
biomedical utility in literature, precise characterization of the material’s synthesis process
is indicated. Ageing the material in the peroxide-containing solution environment leads to
several key, observable synthesis events; namely, initial solid sedimentation and the
spontaneous (i.e. without added energy as stirring, incubation in light environment,
heating, ultra-sonication, etc.) re-dispersal of this sediment into solution as well-defined
particles (Figure 2.1(c)), and complete loss of coloration. In the following section these
events are probed, with respect to ageing time, for the material and their implications in
the evolution of the final material are considered.
2.3.2 General ageing character of Nanoceria solutions from Peroxide
The hydrogen peroxide-cerium oxidation reaction occurs slowly at the auto-genic
pH at 5 mM cerium nitrate and excess hydrogen peroxide. Specifically, the starting pH
becomes 4.2 upon mixing; this pH at room temperature suggests that the oxidation of
Ce3+ to Ce4+ by hydrogen peroxide is less favorable (i.e. the reduction potential of the
Ce/CeO2 system is more noble at this pH than is the H2O2/H2O system), as noted by
Pautrot-d’Aleoncon et. al

45.

Therefore, it is noted that the color change upon peroxide

addition to aqueous cerium nitrate solution occurs after a period of approximately 10
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minutes, with solution coloration continuing to occur for several minutes after this period.
Interestingly, the sluggish reaction kinetics suggest that there is ample time for peroxide
mixing into solution previous to oxidation reaction. This quality addresses concerns
expressed in other studies for the production of a homogeneous mixing character. For
example in a study by Djuricic and Pickering, the authors demonstrated that cooling
solution components to 5⁰C slowed oxidation kinetics and allowed successful mixing, with
a particle dispersion of limited size dispersion 6. The initial color change indicating cerium
oxidation is represented in Figure 2.2(a), as well as the trend in de-coloration over the
ageing period toward the final de-colored aged sample.

Figure 2.2: Nanoceria Ageing character. (a) color changes and degree of sedimentation
over the 6 to 8 week ageing period. (b) changes to pH over the ageing period (inset:
changes to pH up to 24 hrs, reaching a steady state
In many studies, authors suggest that cerium precursor can first be oxidized to
Ce4+ using a redox agent, to reduce the solubility of the cerium component, followed by
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titration with a strong base such as ammonium hydroxide to force hydrolysis. Cerium
oxidation by hydrogen peroxide is suggested to occur via the reaction
2𝐶𝑒 3+ + 𝐻2 𝑂2 + 2𝐻2 𝑂 → 2𝐶𝑒𝑂2 + 6𝐻 +

(eq. 2.2)

Given the evolution of six moles of protons, the pH of the solution is driven even
further down during the reaction process (from an initial pH of ~4.4 in excess hydrogen
peroxide and 5 mM cerium nitrate concentration). In several cases, authors have noted
that heating should be performed for a given synthesis/particle formulation until the
solution reaches a steady pH. Further, for solutions wherein an alkaline solution is added,
a steady pH is necessary prior to the base addition. pH was therefore monitored over the
course of ageing and is presented in Figure 2.2(b). It is noteworthy that the pH drops
steadily over the course of 24 hours whereupon it reaches a near-steady state at
approximately 3.4. The solution pH decreases slightly over the course of approximately
4 weeks ageing, whereupon it undergoes a substantial increase in pH. In considering the
pH evolution over the ageing period, we can describe the ageing process as occurring in
defined time periods and associate physicochemical processes which govern/evolve this
kinetic behavior. First among these is the observation that by 24 hrs of ageing, the solution
achieves a near-constant pH with formation of a sediment or apparent soft flocculant. In
the next section, the material character of the sediment phase is determined and
compared against the final, terminally-aged particle product.
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2.3.3 Sediment material character & relation to the final Nanoceria product

Figure 2.3: Differential Scanning Calorimetry of Sediment and Aged CNP1. (a)
Sediment collected from solution following 1 day of ageing, (b) fully aged CNP1
samples in solution, and (c) the samples overlayed for comparison. Both tested samples
show substantial de-hydration near 200⁰C, while the sediment sample presents with a
significant exothermic peak at ~240⁰C.
Upon ageing 24 hours a slight precipitate is observed in the solution with an
orange/red coloration. It should be noted that syntheses at a fixed concentration cerium
nitrate/hydrogen peroxide concentration at larger volumes evolve greater precipitate:
suggesting that the sediment volume correlates with the extent of reaction (evolution of
sol or colloid phase; data not shown). This sediment has been identified as a highly
hydrated cerium oxide product with the dark coloration related to the formation of a
peroxo-cerium product (e.g. as Ce((OH)3(OOH), CeO2@OOH) with substantial hydration.
This observation is further supported by other instances of final product cerium oxide
formulations being treated with peroxide. The solution, in these cases remains stable
while undergoing a substantial color change to yellow/orange. Further, the supernatant
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or dispersed phase of the ageing solution remains a lighter shade of this color. Crystal
structure analysis of the sediment is possible, with other studies of similar preparation
performing the analysis and demonstrating a fluorite-type structure characteristic of CeO2,
however, the final CNP1 product in our study is difficult to isolate for powder x-ray
diffraction (XRD). Therefore, no diffraction study is presented herein. However, in
considering the chemical composition of the material, as sediment and final product,
differential scanning calorimetry (DSC) and XPS are performed/presented.
DSC measurements (Figure 2.3) show unique character for sediment and final
CNP1 samples. Measurements were performed from solution and therefore an initial
temperature ramp to 90⁰C, with holding at this temperature for a period of 30 minutes,
was done to evaporate non-coordinated/bulk water. For both samples, a significant mass
loss occurred between ~ 200 and 280⁰C ascribed to the loss of coordinated water
(hydration). This behavior/character has been noted in a number of studies in literature
and is ascribed to the high surface energy of small crystallite-size nanoceria. Specifically,
these hydration layers serve to stabilize the material surface by providing a source of
coordination for the under-coordinated surface elements. Decreasing particle size leads
to a growing surface energy due to the decreasing number of bulk layers available to
dissipate the stress of surface formation/presence. Nanoceria demonstrates a particularly
high extent of surface hydration due to the concomitant increase in larger ionic radius
Ce3+ (relative to Ce4+), producing a greater local stress field, the general oxide character
allowing surface hydroxylation, and the inherent charge imbalance from oxygen vacancy
sites and the polar [100] planes. Interestingly, the sediment sample shows an additional
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peak (Figure 2.3(a))at ~240⁰C. A similar peak was noted by Djuricic and Pickering and
ascribed to a crystallization of amorphous (CeO2•nH2O/Ce(OH)4) ceria 6. The attribution
correlated with conditions in the current study given that the measurements in the
referenced study occur for material dried overnight at 85⁰C as compared to the current
study wherein measurements were performed from solution. Further, measurement
heating would remove bulk and comparatively weak coordinating water phases. Absence
of a significant peak in the terminally-aged CNP1 sample further imply that crystallization
occurs for this sample later in the ageing period; this point is corroborated in TEM/SAED
(Figure 2.2(c,d)). Crystallization of the terminally-aged CNP1 sample further suggest a
significant de-hydration/condensation process occurring for the sample with ageing. XPS
measurements (Figure 2.3) show a unique character of the sediment, with respect to the
aged product, as well in terms of Ce3+/Ce4+ and oxygen bonding.
XPS of the sediment (Figure 2.4(a,b)) and the aged CNP1 (Figure 2.4(c,d))
showed marked differences in cerium redox state at the respective material surfaces. In
considering the Ce3+/Ce4+ of each (0.31 and 1.67 for sediment and aged samples,
respectively), we see that the sediment sample experiences a significant oxidation
relative to the aged sample. Oxidation is ascribed to the synthesis method wherein
peroxide is used as a precipitating ligand: resulting in the conversion of Ce 3+ to Ce4+ to
lower the synthesis hydrolysis energy. Given the exothermic peak ascribed to material
crystallization, we conclude that the high fraction of oxidized cerium at the surface relates
to the weakly condensed sediment and the presence of excess solution peroxide.
Absence of solution coloration for the aged CNP1 suggests that peroxide has been
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consumed and that this solution component does not contribute to the cerium redox ratio,
appreciably.

Figure 2.4: Surface Chemical properties of nascent Cerium phase sedimentation and fully
aged CNP1. (a, b) X-ray photoelectron elemental scans for cerium (a,c) and oxygen (b,d)
components for sediment aged 1 day (a,b) and fully aged CNP1 (c,d). The sediment
evidences substantial satellite peak (u’’’) suggesting high Ce4+ state. The greater fraction
of oxidized state ceria is ascribed to surface interaction with peroxide. Fully aged CNP1
shows a limited intensity at the satellite peak suggesting greater Ce3+ fraction.
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Oxygen spectra for the two materials corroborate this determination as the greater
relative fraction of hydrate-incorporated oxygen is nearly equivalent to the Ce3+-O2- peak
for the sediment sample though is less than a fifth of that for the fully aged sample. Given
the significant differences in material character for sediment and aged samples, we next
investigate the ageing period from 24 hrs through to the aged product as unique time
points through the ageing period.
2.3.4 Effects of the Ageing period on Nanoceria product
2.3.4.1 Nucleation and influence of Peroxide on material character
Throughout the ageing process, the solution retains some shade of the sediment
orange/yellow color with increasing ageing leading to a total color loss to a clear solution
upon complete/terminal ageing (Figure 2.2(a)). This is interpreted as the degradation of
excess solution peroxide with ageing. Given the long ageing period necessary to produce
particles by the detailed synthesis, it is reasonable that peroxide degradation occurs as a
combination of auto-hydrolysis, photochemical hydrolysis, and by cerium oxide-based
surface reactions. It should be noted, however, that several studies have shown a very
limited catalase-like activity for particles from a solution such as this one. Therefore, the
particle surface reaction-based degradation contribution is relatively low: in support of the
long ageing period (i.e. the reaction is kinetically restrained). As stated in the previous
section oxidation of cerium by hydrogen peroxide is also disfavored thermodynamically
at lower pH values (inversion of cerium and hydrogen peroxide redox potentials cross at
higher pH and room temperature). Figure 2.2(b) suggests that with increasing ageing, the
solution becomes increasingly less favorable (within ~ 24 hr time period) for this to occur
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which could explain the retained coloration and the precipitation of any colloidal solution
components (i.e. peroxide may interact with the material surface, however, the oxidation
kinetics are very slow). Such conditions make formation of structures like peroxide
bridges between peroxy-cerium complexes possible, with the formation of peroxylanthanide complexes being moderately stable and common. Further, the formation of
these complexes will reduce the surface charge of forming colloidal phases: removing
electrostatic repulsive forces and allowing the formation of soft flocculates along with any
chemically interacting surfaces/interfaces (harder flocculates). Confirmation of the
reduction in surface charging for this material is difficult, however, due to the fast
formation of precipitate. It may be that the material undergoes fast aggregation of evolving
solid species or complexes which experience rapid sedimentation. Zeta potential
measurements for these samples show a low average charge, in support of the possibility
of weakly charged complex formation, however, measurements are highly non-uniform
with large deviation (data not shown), contra-indicating the use of zeta potential
measurements for particle ageing characterization. Further, the slow initial reaction
kinetics between cerium and hydrogen peroxide suggest a slow nucleation step. This
implies that the process will be highly non-uniform and can lead to initial polydisperse
solutions. After several weeks, towards the end of the ageing period, sediment from the
solution is seen to spontaneously re-enter solution: suggesting the observed re-formation
of free surface which can interact with solution and promote colloidal stability. Figure 2.5
shows TEM images of particles aged at different time intervals (1, 7, 14, and 25 days
post-reaction plus the final aged product for a, b, c, d, and e, respectively).
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2.3.4.2 Ageing-dependent Sediment hydrolysis and condensation

Figure 2.5: Transmission Electron Microscopy images of CNP1 samples at varied
stages of Ageing. Aged 1 day (a), 7 days (b), 14 days (c), 25 days (d), and the fully
aged (e) samples show unique, characteristic size and morphologies. The observable
character differences provide insight into the processes occurring during different
stages of ageing.
After ageing 1 day, it is seen that solution-dispersed particles (sample collected
from the supernatant, rather than the sediment) have undergone limited condensation
and remain

in solution as small aggregates/complexes and are therefore largely not

resolvable in the electron micrograph. The observed dispersed phase has a diffuse
character reflective of a gel suggesting a limited condensation of the material in these
early days of the ageing process. The hydrated, gel-like character is also reflected in the
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sediment character demonstrated in DSC measurements as the crystallization peak at
~240⁰C. After 1 week of ageing (Figure 2.5(b)), larger particles begin to form (~ 30 nm in
diameter), likely originating in the sediment and re-dispersing as a colloid though
potentially through condensation of stable solution components. Smaller phases with
character similar to those seen in Figure 2.5(a) are also visible with a greater number
density. After 2 weeks, much of the diffuse phase particles are no longer visible and the
solution is dominated by highly poly-crystalline particles approximately 20 nm in diameter
(Figure 2.5(c)). In comparing the larger phase particles, a surface region is observable of
lower density than the bulk region. Given the continued trend in decreasing particle size
and the homogeneity of particles aged 25 days (Figure 2.5(d)) and fully aged (Figure
2.5(e)), it seems that particles undergo a degradation-like formation from larger
aggregates. This behavior is reflective of the spontaneous re-dispersion of material
sediment over time and supported by the high number density of smaller diameter
particles after complete ageing. It should be noted that fully aged particles also present
with a more diffuse-appearing surface. It is possible that more hydrated regions at the
material surface cause irregular/disproportionate growth via mass transport from the more
dense particle mediating formation of secondary phases which then condense and
separate. A mechanism such as this is similar to Ostwald ripening. Further, the more
diffuse phases observed (in solution at 1 day of ageing and as surface phases in later
ageing points) will necessarily be more hydrated and of lower oxidation state: potentially
conferring a more acidic character which could mediate hydrolysis of the particle phase.
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This suggests a continued hydrolysis/condensation, sol-gel like reaction occurs for the
particles throughout the ageing period.
2.3.4.3 Spontaneous re-dispersal of Nanocrystallites
The spontaneous re-dispersion and stability of particles in solution is further
supported by the pH measurements in Figure 2.2(b). With ageing, particles increase their
specific surface area (likely due to condensation to individual particles, small crystallite
aggregates, and to the degradation of peroxide at the particle surface: creating increased
surface/solution interaction/interface): adsorbing protons from solution (charging) and
producing a Fenton-like reaction which both drive the pH towards the initial value.
Characterization of the initial precipitate (Figure 2.4) by XPS shows a much greater
content of Ce4+, relative to the final nanoceria particle product, in further support of the
proposed peroxide capping/surface interaction of particle sedimentation and control of
the ageing product. It should also be noted that the influence of free Ce 3+ ions in the
solution has not been accounted for and could further lead to the coagulation of stable
particle phases. However, given the excess of peroxide in solution over the 6 to 8 week
ageing period, it is unlikely that this component would dominate the particle formation
process.
To further characterize the nature of the material sediment and of the ageing
particles, samples were peptized during and post-ageing. 20 mM nitric acid was added to
the solutions and the particles allowed to age in the solution. Here, peptization is used as
a means of dispersing weakly agglomerated phases (e.g. those formed due to weak
physical rather than stronger chemical forces). In addition, particles were dialyzed against
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dH2O or 20 mM HNO3 to determine any changes in the material on removal of soluble
solution components with and without acid treatment of surface elements.
2.3.5 Peptization and Dialysis treatments

Figure 2.6: Transmission Electron Microscopy images of samples under Peptization
treatment. Samples aged 1(a,b) and 25 (c,d) days without (a,c) and with (b,d)
peptization treatment. Peptization was performed via incubation in nitric acid. 1 day
aged samples experienced limited alteration upon peptization, while samples aged 25
days were reduced to smaller nanocrystal dimensions suggesting weak aggregation.
Figure 2.6 shows TEM images of particles aged for 1 and 25 days, with and without
peptization. Particles aged for 1 day with and without peptization (Figure 2.6(b,a),
respectively) show materials of similar character. In contrast, images of particles aged 25
days in similar conditions are unique from each other Particles which have undergone
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peptization treatment are seen to disperse from ~ 10 nm nanocrystals to 3-5 nm
crystallites reminiscent of the fully aged CNP1 (Figure 2.1(b)). The susceptibility of
particles aged 25 days to peptization suggests that the nanocrystals are held together by
weak forces which are disrupted by the acid (ostensibly through acid-mediated hydrolysis,
though possibly by surface charging). We determine from these studies that particles
undergo a continuous condensation, in situ, with a concurrent trend of de-aggregation to
produce particles of the final composition/character, over the ageing period.
2.4

Conclusions

In this chapter the ageing process of a cerium-peroxide solution was investigated.
Specifically, the process of ageing was monitored as changes to pH, particle
size/dispersion, and surface chemistry. It was found that cerium species undergo a slow
initial reaction with peroxide leading to a sharp decrease in pH and resulting in a 6 to 8
week ageing period during which cerium phases undergo condensation and re-disperse
spontaneously into solution. Changes to surface chemical states determined through XPS
over time suggest that particle formation over the ageing period also involves a
regeneration of surface sites in reduced state: suggesting a continuous peroxide
consuming reaction at the material surface. Peptization studies further show re-dispersal
of particles occurs through suspension of particle aggregates, which spontaneously
disperse-de-agglomerate to give the final particle character.
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VARIABLE CHARACTER OF BIO-ACTIVE NANOCERIA
UNDER AGEING IN DIFFERENT HYDROGEN PEROXIDE
CONCENTRATIONS AND IN BUFFERED CONDITION
3.1

Introduction

Cerium oxide (ceria) is pervasive in catalytic technology due to its ability to convert
between Ce3+ and Ce4+ redox states

55 56 57.

The Ce3+/Ce4+ redox couple allows the

release or uptake of oxygen through formation or loss, respectively, of surface, or nearsurface, oxygen vacancies in the crystal lattice

58

59

60.

Further, this ability to

generate/remove oxygen vacancies allows reactions at the vacancy sites, at which 2Ce
atoms are found in the reduced Ce3+ redox state

12 19 61.

Reduction is mediated by the

addition of a single electron, per cerium ion, to the 4f orbital. The small difference in
energy between Ce4f and Ce5d orbitals results in a low redox potential while the localized
nature of the 4f orbital structure allows reaction with chemical substrates (e.g. the electron
is more labile)

62 61 63.

Nanoscale colloid formulations of ceria have allowed further

advantage to be taken of this reaction due to the increased surface area to volume ratio
of such materials and the breadth of chemical/physical processes which can be
performed to engineer material properties. Increased specific surface area, for instance,
allows greater interface with catalytic environments and substrates

9 64.

Additionally,

nano-scale crystal size induces increased strains in the crystals: making surface
(vacancy) sites more catalytically active (i.e. reactions more thermodynamically
favorable) 7. The broad utility of ceria in catalysis applications has further suggested its
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research and made this material deeply researched in both academic and industrial
settings.
Despite the wide use of nanoceria, the puzzle of its complex reactivity and high
sensitivity to synthesis, processing, and storage conditions has not been adequately
solved. Many groups have demonstrated the variation in material activity as it relates to
particle morphology, size, faceting, and ratio of Ce3+ to Ce4+ however these are
insufficient to explain the variance in behavior

65 18 47 66.

Further, many groups have

studied the evolution, formation, and dynamics of oxygen vacancies at and near the
particle surface

67 16.

‘visualize’ vacancies

Often these are performed with varied forms of microscopy to
68 14.

Such studies have highlighted the complexity of these

structures, often forming multi-defect sites on varied crystal planes, however disparities
remain over the relative energetics of certain chemical reactions which remain in contrast
to these general observations. More recently, groups have begun to focus more intently
on the hydration character of certain facets as well as their interaction with defect sites
therein 59 59 69. These studies are bringing to light additional means by which the material
surface can undergo environment dependent chemical modifications (e.g. Mars-van
Krevelen type reactions). Some studies have also stated that Ce3+ do not exist
appreciably in chemically active nanoceria

41.

While the issue is not resolved, it is made

clear now more than ever that the sensitive, chemical structure of the solvated (assynthesized) nanoceria surface is key to its success in application. In investigating these
phenomena, the tenets of colloidal science may add new character to the current body of
data on disparate nanoceria formulations. In particular, the acid-base chemistry, with
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respect to charged surface potential-determining ions, of the nanoceria surface in
presence of dissolved complexing agents such as cerium counter-ions, buffer
electrolytes, and reactant counter-ions (such as those involved in the initial precipitation
of ceria particles). Studies such as these have been conducted previously, however, the
influence on the particle formation process has not been characterized. In particular, the
case of hydrogen peroxide mediated synthesis and the effects of ageing to degrade these
species and elicit mature, well-dispersed particles has not been well-studied.
In a study by Pautrot-d’Alencon et. al, thermodynamic arguments were used to
probe the cerium hydrogen peroxide interaction

45.

In particular, this study was a

significant development towards the formation of homogeneous particle nucleation
conditions to produce well-dispersed nanoceria. Specifically, the authors note that the
temperature-dependent reduction potentials for cerium and for hydrogen peroxide
degradation are such that hydrogen peroxide only becomes significantly oxidizing
towards cerium ions at nearly a pH of 6 at room temperature, while increasing the reaction
temperature to 150⁰C causes crossing of the reduction potentials at pH below 5. This
consideration allowed the authors to control oxidation behavior by mixing the reagents at
lower temperature, in a pH buffered to an appropriate value, followed by heating to impart
a near-homogeneous reaction. However, from there, sample solutions were subjected to
hydrothermal treatments and washing. As detailed in section 2.1, particle solution
treatments in harsh physicochemical environments, such as these, cause substantial
modification of the product particles.
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Given the strong influence of peroxide on the ageing process of CNP1 as a
precipitating and surface ligand in the studies detailed in chapter 2, we next sought to
investigate the effects of peroxide concentration on nanoceria ageing time, morphology,
size, and surface chemistry. A common means of producing a narrow size-dispersion of
small-diameter nanoparticles is to include a high concentration of surface-active agents
in syntheses: producing coordination with precursor ions and restricting the growth of
crystal nuclei. Therefore, we looked to produce a series of formulations with decreasing
peroxide concentrations, relative to that used in chapter 2, and studied the effect on
particle size (dispersion). Further, the extended ageing period suggests that the peroxide
concentration may be in an unnecessary excess, with a lower concentration potentially
producing particles of equivalent enzyme-mimetic activity at a shorter ageing period. In
addition to these considerations, the extent of reaction is investigated, as well as its
influence on surface chemistry. To further probe the effects of nanoceria ageing and to
allow an accelerated ageing process: particles were also synthesized in an acetate buffer
which maintains the nanoceria pH throughout the ageing process, avoiding the sharp pH
decrease which dominates the process in the previously published methodology.
3.2

Experimental Section

3.2.1 Materials
Cerium nitrate hexahydrate (Ce(NO3)3.6H2O; 99.999% purity), 1 N nitric acid, 3%
hydrogen peroxide, glacial acetic acid, and sodium acetate were all purchased from
Sigma Aldrich Chemical Co. (Milwaukee, WI). All reagents were used without any
additional purification. 2 kDa slide-a-lyzer dialysis cassettes were purchases from Thermo
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Fisher Scientific. De-ionized nanopure water (> 20 MΩ) were used from a Barnstead
Nanopure water purifier for all syntheses and characterization methods.
3.2.2 Synthesis of Cerium Oxide Nanoparticles with varying Hydrogen Peroxide
Cerium oxide nanoparticles were synthesized via a previously published
procedure. Cerium nitrate hexahydrate (Ce(NO3)3•6H2O) precursor was dissolved to a
final concentration of 5 mM in de-ionized water (dH2O; > 20 MΩ resistance) and oxidized
via addition of excess hydrogen peroxide (stock concentration 3 v/v%). For this study, the
peroxide concentration was varied for five solutions: to 8, 4, 2, 1, and 0.5x mol ratio
between hydrogen peroxide and cerium (from cerium nitrate hexahydrate) followed by
individual characterization. Each solution became deep yellow within approximately 10
minutes. From here the solution was allowed to age, in-situ, until complete loss of solution
coloration (~ 6 to 8 weeks), in dark. All peroxide solutions were left with their storage caps
loose such that evolved gases could be released to allow reactions to occur at ambient
pressure/atmosphere. Additional samples were dialyzed at different time points (1 day
post-synthesis and after complete loss of color/ageing) to assess the evolution of colloidal
product. Dialysis was performed in 2 L volumes of dH2O or 20 mM nitric acid (pH = 2.5),
under slow stirring. Dialysate was exchanged for fresh water 3 times every 3 hours and
finally left to dialyze over night before the sample solution was collected.
Acetate buffered solutions were synthesized via the same protocol, as detailed
above, though with the solvent dH2O replaced with an acetate buffer (acetic acid/sodium
acetate) at 0.1 M.
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3.2.3 Materials Characterization
The morphology and dried size of the nanomaterials produced in this study were
determined using a Philips Tecnai 300 kV HRTEM. All samples were first dried on holey
carbon TEM grids to at room temperature and then stored under vacuum. UV-Vis
spectrophotometry was performed using a Perkin-Elmer spectrophotometer over a range
of 220 to 600 nm. X-ray photoelectron spectroscopy was used to characterize the
materials compositions (survey, carbon, oxygen, nitrogen, cerium spectrum were
collected for each sample) as well as changes to their surface states An ESCALAB-250Xi
spectrometer was operated at room temperature in ultra-high vacuum chamber (below
7x10−9 mbar) using a monochromatic Al-Kα radiation source, operating at a power of 300
W (15 kV, 20 mA). The spot size of the beam was 250 µm. C 1s peak at 284.6 eV was
used as a reference for calibration. Avantage Peakfit® software was used to deconvolute
XPS spectra. Gaussian fittings were used throughout with a ‘smart’ background fitting to
determine the measurement baselines for each sample. For reference XPS-simplified
spectra from Thermo Scientific website was used to compare against the obtained
spectra as well as comparisons to literature values. Differential scanning calorimetry and
thermogravimetric analysis were performed for fully aged particles and particles aged for
24 hrs using an SDT Q4000 spectrometer from TA instruments. Measurements were
performed for aqueous solutions at 35 μL sample volumes in alumina pans. All
measurements were performed under nitrogen flow at 100 mL/min at a ramp rate of
20⁰C/min up to 90⁰C, held at the temperature for 30 minutes and then ramped up to
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1200⁰C. Prior to any sample measurements the empty pans were first run to allow
conditioning of the spectrometer beams and of the ceramic beams up to 1200⁰C.
3.2.4 Enzyme-mimetic (Superoxide Dismutase) Activity Measurements
Catalytic measurements, superoxide dismutase (SOD) assay, were performed
using commercial kits bought from Dojindo Molecular Technologies Inc. and were used
per the manufacturer’s specifications. Each measurement was performed in triplicate and
contained positive and negative controls in 96 well plates (Costar Corning). All samples
were evaluated in single measurements such that environmental conditions were
constant for all materials. Superoxide scavenging activity were determined and compared
against positive controls for their relative activities. The kit is based on the reaction with
WST1 working solution and redox of a tetrazolium dye.
3.3

Results and Discussion

3.3.1 Influence of Varying Hydrogen Peroxide concentration on Nanoceria
character
As a continuation of the studies documented in chapter 2, the effects of varying
hydrogen peroxide concentration were investigated. Hydrogen peroxide is used in the
synthesis of CNP1 as a precipitating ligand: inducing a redox change in the cerium ion
precursor from Ce3+ to Ce4+ 5. The intent in performing this reaction is to reduce the
hydrolysis energy for reaction of cerium ions to form the final cerium oxide nanomaterial
product. As stated previously, Ce4+ has a significantly lower solubility in aqueous
environment than does Ce3+, causing the hydrolysis of the ion to occur at a greater rate
as a precipitating oxide

70.

Further, the relative stability of the peroxo-ligand on a low pH
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particle formulation is observable in the 6 to 8 week ageing period required for the
formation of the fully-aged CNP1. In investigating the nature of the peroxide ligand, five
formulations of CNP1 were synthesized with peroxide to cerium mole ratios of 8, 4, 2, 1,
and 0.5. From here, the formulations will be noted as CNP1(8), CNP1(4), CNP1(2),
CNP1(1), and CNP1(0.5), respectively.

Figure 3.1: TEM images of Nanoceria produced with 0.5, 1, 2,4, and 8x H2O2:Ce(NO3)3
after Ageing period. Particles from each formulation (0.5 to 8, a to e; respectively) after
ageing for > 8 weeks are largely similar with respect to size and shape. In particular,
particles, from each formulation range from 3 to 5 nm and are roughly spherical in
shape suggesting peroxide does not dominate/dictate these properties by the time
particles have aged.
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Figure 3.1 shows high resolution transmission electron microscope images of each
formulation. The particles have a generally spherical morphology and possess a
dispersion in size from 3 to 5 nm for all samples. While the morphology of the particles
remains consistent, the variation in size is clear and present for all formulations. Due to
the highly poly-crystalline nature of CNP1, it is likely that the observed particles are stable
aggregates of varying primary crystallite number. However, the dispersity and number of
particles per field of view in each sample do suggest that these particles are stable and
should not undergo a hard agglomeration in solution. This determination is supported by
the stability of the particles towards sedimentation with increasing time post-ageing (no
sedimentation observed for any sample for > 2 months). Interestingly, there does not
appear to be a clear dependence on the peroxide concentration for the particle size or
morphological character. This observation suggests that, for the peroxide to cerium ratios
investigated, peroxide does not function entirely to coordinate particle nuclei and limit
particle growth/aggregation. Additionally, it should be noted that since the peroxide
concentration is sufficient to induce sedimentation of the particles, increasing the peroxide
concentration above that which is currently used should not produce a more narrow
particle size dispersion. Although changing the peroxide concentration does not function
to physically or chemically inhibit crystal growth, peroxide concentration may affect
particle chemistry by reducing the formation of particles as a limiting reagent for precursor
oxidation.
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Figure 3.2: XPS, surface chemical states of Nanoceria of varying Peroxide
concentration. All samples show characteristics of cerium oxide nanomaterial in cerium
elemental scans (Left column). However, an increase in the satellite peak (u’’’) intensity
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occurs with increasing initial concentration of peroxide suggesting a greater extent of
reaction with increasing peroxide content.
Figure 3.2 gives x-ray photoelectron spectroscopy (XPS) spectra for each
formulation (cerium and oxygen elemental scans in the left and right columns,
respectively). Cerium elemental scans for each formulation show a characteristic high
fraction of Ce3+ states relative to Ce4+. This information is obtained through fitting of the
spectra to individual doublet peaks particular to each cerium redox state (i.e. u o, v0, u’,
and v’ for Ce3+; u, v, u’’, v’’, u’’’, v’’’ for Ce4+) 50. The relative amounts of each are calculated
(using the integrated peak intensities for peaks related to both states determined through
fitting and deconvolution, as detailed in chapter 1) in ratio as the Ce 3+/Ce4+ value. The
determined Ce3+/Ce4+ values for each sample are collected in Table 3.1. The variation in
in these ratios is near-linear with peroxide concentration (R2: 0.91) in an inverse relation.
Table 3.1: Relative fractions of Cerium redox states and ratio for varied peroxide
concentration formulations.
Ce3+

Ce4+

Ce3+/Ce4+

0.5%

64.6%

35.4%

1.82

1.0%

63.8%

36.2%

1.76

2.0%

62.4%

37.6%

1.66

4.0%

61.5%

39.5%

1.56

8.0%

59.3%

40.7%

1.46
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Oxygen elemental scans reflect the decreasing relative Ce3+ fraction as a
decreasing population of Ce3+-O2- relative to oxygen in other chemical environments (i.e.
other peaks in the oxygen elemental scan). The decreasing fraction of Ce 3+ can be related
either to the increasing presence of oxygen vacancies or of unreacted cerium from the
precursor salt. Most methods for the determination/characterization of oxygen vacancies
are at most semi-quantitative and not amenable to exact determination. However, the
presence of unreacted (i.e. aqueous) Ce3+ may be identified through dialysis.
Figure 3.3(a,b) show UV-Vis spectrophotometry spectra for aged CNP1, HNO3
solution, aged CNP1 dialyzed against dH2O, and aged CNP1 dialyzed against HNO3.
Considering the greater fraction of Ce3+ for decreasing peroxide concentrations from
CNP(8) to CNP(0.5) in Figure 3.2 as arising from a population of aqueous Ce 3+, the
absorbance intensity at the Ce3+ peak in UV-Vis should decrease with dialysis. Figure
3.3(a) shows control samples for reference in considering the dialysis data in Figure
3.3(b). Specifically, aged Nanoceria without dialysis shows peaks at ~ 252 and 298 nm
related to Ce3+ and Ce4+, respectively. The HNO3 spectra shows the contribution to the
un-dialyzed sample from the NO3- counterion. Figure 3.3(b) dialyzed sample against
dH2O shows a substantial loss in absorbance relative to the aged CNP1 sample in Figure
3.3(a) below 300 nm. The sample dialyzed against HNO 3 however shows similar
character to un-dialyzed aged CNP1 sample below 300 nm, though without the peak
centered at ~252 nm. We determine that the peaks at ~252 nm and the general upward
trending absorbance in aged CNP1 arise from aqueous Ce 3+ and the NO3- presence,
respectively. Given the figure sample is for CNP1(8), it stands to reason that for samples
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containing less peroxide, the concentration of free Ce3+ will be greater (in corroboration
with the increasing Ce3+ fraction observed in XPS measurements). Together, we
determine that the peroxide-mediated synthesis leaves a population of Ce3+ ions, likely in
complex, present in solution for all samples.

Figure 3.3: UV-Vis spectra of Aged Nanoceria dialyzed against dH2O or HNO3. Cerium
oxide absorption peaks generally occurring strongly at ~ 252 and 290 nm for Ce 3+ and
Ce4+ respectively, are substantially decreased following dialysis. For the sample
dialyzed against dH2O especially, there is only limited adsorption at ~252 suggesting a
fraction of Ce3+ in XPS occurs as free ions.
Next, we looked to investigate a method for accelerating the ageing process of
CNP1 formulation by controlling the solution pH. Additionally, the study sought to further
characterize the ageing process by avoiding the time period wherein pH was not observed
to change appreciable (1 day to ~3 weeks).
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3.3.2 Synthesis of Nanoceria in Acetate buffer
3.3.2.1 Acetate buffer as an optimal buffer composition
Given the extended ageing period observed for synthesis of CNP1 and the
observed relationship to pH, the CNP1 synthesis procedure was repeated with a 0.1 M
acetate buffer solution used in place of dH2O. The buffer composition (acetic acid/sodium
acetate) was chosen to maintain the pH of the solution at the approximate starting pH of
the CNP1 synthesis in chapter 2 (pH = 4.6). Acetate buffer was chosen based on the
working pH range of the buffer composition as well as the specific chemical character of
the acetate molecule. Most biological buffers contain one or more larger sized organic
molecules; often with surfactant or chelating character. Larger and/or more complex
molecules may limit reactant diffusion or create a viscous flow to the reaction solution:
imposing additional forces and character to the reaction. In the case of metal or surface
binding molecules, the availability of reactants will necessarily be altered, leading to
particle product modification. In avoiding these further considerations for the pHcontrolled synthesis, acetate buffer was chosen for its comparatively innocent/chemically
benign character in the cerium oxide reaction chemistry. In particular, acetate buffer was
chosen over the use of a citrate buffer, which has a working range over the required pH’s
due to the noted capacity of citrate for binding cerium ions 71 72. While this binding activity
can be beneficial in the controlled release/availability of precursor metal ions in producing
certain ceria formulations, the activity is contra-indicated in the presented study. Also,
several studies have demonstrated a strong affinity of phosphate-containing species for
nanoceria surfaces, especially those formulations containing high oxygen vacancy site
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densities and the related Ce3+ surface fraction

73 74 75.

The demonstrated affinity is

sufficiently strong to produce a spontaneous, fast reaction and transformation of the
nanoceria surface to cerium phosphate in an irreversible manner. Therefore, phosphatebased

buffers

were

also

precluded

from

consideration

for

the

presented

study/formulation.
3.3.2.2 Nanoceria ageing character in Acetate buffer

Figure 3.4: Size and Morphology characterization of Nanoceria prepared in Acetate
buffer pH 4.6. (a) Strong red/orange coloration immediately upon addition of hydrogen
peroxide and ageing over 3 weeks to produce completely clear solution. (b) TEM
images of fully aged particles show particles slightly larger than those from de-ionized
water, with inset showing clear particle crystallinity and polycrystalline nature.
In producing the buffered solution, we first note the immediacy of reaction between
peroxide and cerium ions. Upon peroxide addition, the solution becomes a dark
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orange/red color, in contrast to CNP1 synthesis in dH2O wherein color changes occur
after nearly 10 minutes. The observed phenomenon is ascribed to the more favorable
oxidation of cerium ions by peroxide at the higher pH. As noted in a related study, the
reduction potentials for the Ce/CeO2 and H2O2/H2O suggest that at lower pH, cerium
oxidation by peroxide is unfavorable; by increasing the pH in the current synthesis, the
reaction is made more favorable

45.

Further, by holding the pH at this higher value, the

reaction maintains a constant/consistent character, as opposed to the synthesis in dH2O,
wherein progression of the cerium oxidation reaction drives the pH to even lower values
(terminating at pH ~ 3.4). Upon complete addition of peroxide and throughout the ageing
period, the solution retains a constant pH value.
Solution ageing progressed in a similar manner to the dH 2O, Figure 3.4(a).
Sedimentation was observed, although occurring more quickly (within several hours,
rather than 1 day) and pronouncedly than that seen for CNP1 in dH2O. Following this,
with ageing in dark conditions, the sediment was seen to return to solution. However, the
total ageing time was ~ 3 weeks, in stark contrast to the 6 to 8 week period observed for
CNP1 in dH2O. We determine that the increased pH of the acetate buffer formulation
allowed a more spontaneous degradation of ceria-bound peroxo- ligands: allowing faster
dispersal of particles from larger agglomerates and the return of surface charges, as
detailed in earlier sections. Although the effects of the increased solution ionic strength
for the buffered formulations were not observed in the ageing study, the greater
electrolyte concentration should have some effect on the particle character. Specifically,
by producing a synthesis condition with greater charge carrying species, the surface
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charge of growing particles will be diminished (i.e. made closer to neutral). Reducing
surface charge and energy would make aggregation of crystallites more pronounced, by
mitigating the surface charges which in lower ionic strength conditions would lead to
repulsion between growing particle nuclei: leading to larger sized particles and likely a
wider dispersion in particle size.
3.3.2.3 Effects of Acetate buffer composition and pH on particle size/morphology
TEM imaging of the aged sample shows particles with similar morphology as for
particles synthesized in dH2O (Figure 3.4(b)). However, as per the above discussion,
particles were observed to be of greater diameter, with the average particle size being
approximately 8 nm as opposed to the 3 to 5 nm diameters seen for syntheses in dH 2O.
Particle size is in general inversely proportional to the magnitude of surface-related
phenomenon due to the more pronounced effects of quantum confinement for particles
of decreasing crystallite dimensions. In most studies of nanoceria formulations, particles
follow these trends. Further, the buffer conditions (e.g. greater ionic strength, pH, acetate
physicochemical interactions) will impose some effect on particle surfaces: altering their
surface chemistry to some extent

76 4 77.

Therefore, the superoxide dismutase (SOD)

activity of the buffered formulation was determined and compared against CNP1
produced in dH2O.
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Figure 3.5: Superoxide Dismutase Assay of varying Initial Peroxide formulations. All
formulations show similar activity independent from differences in redox state fractions
among different formulations.
3.3.2.4 Effects of Acetate buffer-based synthesis on Superoxide Dismutase activity
In comparing the different formulations with respect to SOD activity, it seems that
the increased particle size and unique synthesis condition does not appreciably affect the
formulation’s SOD-mimetic activity (Figure 3.5). However, there is a slight decrease in
activity for the acetate buffer formulation relative to the dH2O-based formulation. It should
also be noted that the assay used to produce this data is performed in a significantly
alkaline buffer (pH > 8.5) and, therefore, pH effects post-synthesis should not influence
the SOD measurement. In addition to determining the two CNP1 formulations’ respective
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SOD activities, control samples of aqueous cerium nitrate were measured at various
concentrations (1, 0.5, 0.2, 0.05, and 0.01 mM). Given the limited extent of reaction
suggested in other studies for peroxide-mediated synthesis at low pH and the results of
dialysis studies in section 3.3.1, we considered the effects of residual, unreacted cerium
ions from the precursor salt. SOD data shows a concentration dependence for Ce 3+
concentration among these control solutions. Therefore, it is possible that the increased
pH of the acetate buffer solution resulted in a greater extent of reaction, consuming SODactive Ce3+ species, relative to the dH2O-based synthesis and adversely influenced the
observed SOD activity for the acetate-based synthesis (i.e. more Ce3+ was consumed,
forming greater nanocrystalline CeO2 and limiting the solutions total SOD activity).
However, the activity of CNP1 formulations in dH2O with varying peroxide concentrations
had more similar SOD activities despite their decreasing Ce3+ fraction with increasing
peroxide concentration. Therefore it is morel likely that the greater size and implications
of acetate surface interaction of the acetate buffered synthesis are the more dominant
limiting factors.
3.4

Conclusions

In this chapter, the ageing character of particles synthesized in chapter in 2 were
further characterized by probing the effects of varying peroxide concentration and of fixing
pH near the initial reaction value (through synthesis in acetate buffer). It was found that
reducing the amount of peroxide relative to a fixed cerium nitrate concentration produced
particles of similar size dispersion and morphology. Additionally, the different particle
formulations were found to possess similar superoxide dismutase (SOD)-mimetic
56

activities. However, dialysis studies determined that even for the highest concentration of
peroxide (relative to cerium concentration), free soluble Ce3+ ions were present. SOD
measurements of control cerium nitrate solutions showed concentration-dependent SOD
activity suggesting that the common activities for the different formulations may be
ascribed to the fixed concentration of cerium: as activity is contributed from formed
particles as well as free ions. Synthesis in an acetate buffer produced particles similar in
morphology to particles synthesized in dH2O, though with a slightly larger particle size (8
compared to 3 to 5 nm, respectively). However, SOD activities for the compared
formulations were similar and the ageing period was reduced from 6 to 8 weeks to 3
weeks.
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TUNING THE NANOCERIA SURFACE THROUGH
CHEMICAL METHODS TOWARDS BROAD ENZYME-MIMETIC
ACTIVITY: VARYING OXYGEN VACANCY DENSITY AND SILVER
MODIFICATION
4.1

Introduction

Cerium oxide (ceria) is a material of significant industrial value. The material, in
various forms, has been used most often in catalysis applications such as fuel additives,
fuel cells, components in chemical mechanical planarization solutions, and oxygen
sensors 78 79 80 81 82 83. The utility of cerium oxide arises from the narrow energy difference
between Ce5d and Ce4f orbitals, allowing charge transfer without significant energy input.
Interconversion between these two states is accompanied, in the metal oxide solid, with
the formation of oxygen vacancies at/near the material surface. Vacancies form with a
cerium to oxygen vacancy stoichiometry of 2 to 1, with the reduction of two cerium atoms
per vacancy formed 76. The charge transferred to these cerium sites is localized: allowing
unique reactions to occur

8 84.

While cerium oxide always exists in mixed valency

(presence of both Ce3+ and Ce4+ in the material lattice), synthesis parameters can be
modified to produce ceria formulations with different Ce3+/Ce4+ ratios 10 15 7. In particular,
the inclusion of hetero-atoms/species offers a wide range of possible functionalization
opportunities 85 86 87 88.
Cerium oxide use in catalysis has the benefit of its valuable activity as catalyst
material and/or substrate. In traditional applications, ceria’s oxygen buffering/storage
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activity/capacity is used to activate a chemical substrate, followed by an additional
reaction at another material site (e.g. ruthenium, platinum), or the inverse of this with
cerium oxide behaving as an active substrate material. In considering ceria’s facultative
activity in presence of additional elements, we next looked to tune the enzyme-mimetic
character of nanoceria. In particular, we look to improve the material performance in two
generally opposing activities; specifically, superoxide dismutase (SOD) and catalase
mimetic activity.
SOD and catalase activity are often, in literature, described as being most related
to a given nanoceria formulation’s oxygen vacancy density, or the related Ce 3+/Ce4+ ratio.
In producing a material composition which is capable of both (either) chemistry, the
vacancy character of the material must be a central or determining factor. Several studies
have shown that substitutional doping of trivalent lanthanide elements (i.e. M3+, where ‘M’
is an arbitrary lanthanide metal species) into the cerium oxide lattice produces a
proportional increase in Ce3+ content, largely as a means of maintaining charge
neutrality/equilibrium 89 90.
A significant body of literature exists for the study of lanthanides doped into the
cerium oxide system 91 92. Predominantly, these studies are related to characterizing and
tuning conductivity properties in the material. Cerium oxide is an insulating solid, however
the oxygen storage/release capacity of the material and its related to redox/vacancy
formation allow an ionic current flow. Production of ionic current, and the transport of
oxygen, thereby mediates an electrochemical transduction for different applications (e.g.
oxygen sensing, fuel cell operation). Given the generality of the lanthanide substitution
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approach in effecting vacancy production, other studies have endeavored to find which
among these elements is most efficacious in allowing vacancy mobility. In particular, such
consider the production of added strain to the doped lattice (related to (dis)similarity in
ionic radius between the dopant and cerium) and the lanthanide-oxygen vacancy (or
cerium-lanthanide) association energies

92.

In choosing an element based on these

criteria authors attempted to find which lanthanide would occur most evenly
(homogeneously) throughout the lattice, limiting the influence of the dopant on ceria
chemistry through dopant aggregation in discrete lattice regions, and which would impose
the least strain in the crystal, limiting additional mechanical forces on the vacancy sites.
In a particular theoretical/computational study, samarium was identified as a strong
candidate to confer these properties.
Several studies have investigated the formation of silver phases on cerium film
substrates for catalytic applications

11 93 94.

Much of the studies’ reactions are related to

redox at the cerium oxide phase, mediating catalysis via oxygen buffering processes,
leading to conversion of chemical substrates of industrial relevance. Silver sites in these
materials function ostensibly to mediate oxygen dissociation, replenishing oxygen lean
ceria following reaction

11, 94.

A study using

18O

2

in soot oxidation experiments showed

that the radio-labeled oxygen become incorporated into the ceria lattice, likely leading to
activation of oxygen at sites near to organic binding sites and mediating oxidation

94.

Several studies have been performed to characterize a charge transfer between silver
and cerium oxide. Theoretical/computational studies by Pacchioni et. al have highlighted
a substantial charge transfer occurring between cerium oxide and silver phases 11, 93. The
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interaction was observed to result in the reduction of cerium at the silver-cerium interface,
leading to formation of Ce3+, for non-stoichiometric (CexO2-x) models. Further, the
interaction was mediated by silver coordination with ceria-incorporated oxygen sites.
Interestingly, the authors suggest that a Ag-O region therefore exists between these two
phases. In corroboration with theoretical/computational observations, experimental
investigations also found that increasing the fraction of silver deposited on ceria
substrates lead to a proportional increase in the Ce3+ content, confirming the relationship.
In this chapter we investigate two unique approaches for the control of Ce 3+
concentration (in proportion with vacancy density) using substitutional doping of
chemically inert (innocent) samarium ions (Sm3+) into the cerium oxide lattice and
syntheses incorporating silver nano-phases onto the cerium oxide (sub-) surface. Further,
we highlight the effects of these approaches in modulating enzyme-mimetic activities,
known to have a strong relation with Ce3+/Ce4+ ratio. In the case of silver-modified ceria
formulations, synthesis-related differences in particle character are also highlighted and
discussed.
4.2

Experimental Section

4.2.1 Materials
Cerium nitrate hexahydrate (Ce(NO3)3.6H2O; 99.999% purity), 1 N nitric acid, 3%
hydrogen peroxide, silver nitrate (AgNO3, 99% purity), sodium hydroxide (pellets,
semiconductor grade), 28-30% ammonium hydroxide, were all purchased from Sigma
Aldrich Chemical Co. (Milwaukee, WI). All reagents were used without any additional
purification. 2 kDa slide-a-lyzer dialysis cassettes were purchases from Thermo Fisher
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Scientific. De-ionized nanopure water (> 20 MΩ) were used from a Barnstead Nanopure
water purifier for all syntheses and characterization methods.
4.2.2 Ceria formulation syntheses
4.2.2.1 Samarium-doped Nanoceria
Samarium doping was performed to produce four distinct formulations based on
total initial samarium content. The synthesis follows a base-catalysed, forced hydrolysis
approach to effect the co-precipitation of a samarium doped nanoceria formulation.
Syntheses were performed with 0, 5, 10, and 20 mol% samarium (samarium:lanthanide
mol%). Briefly, 1.24 g of cerium nitrate hexahydrate was dissolved in 50 mL dH 2O under
stirring for 0% samarium doping. For doped samples, the concentration of cerium was
scaled such that the concentration of added lanthanide was fixed at 50 mM. Samarium
nitrate was dissolved separately and combined with aqueous cerium nitrate solution to a
final volume of 50 mL. From here the solutions were stirred vigorously and were titrated
with 5 mL of 1 N ammonium hydroxide, fast drop-wise. The solution was allowed to stir
for 4 hours before collecting the solution and washing 4x with volumes of dH2O and
centrifugation at 10,000 rpm for 12 minutes at a time. Solutions were then re-suspended
in dH2O and left to stand overnight. The following day, poorly dispersed particles were
removed by collecting the supernatant; from here, the solutions were used without further
modification.
4.2.2.2 Silver-modified Nanoceria
AgCNP1: particles were synthesized in a similar manner to the forced hydrolysis
method in section 4.2.2.1 95. First, 1.74 g of cerium nitrate hexahydrate was dissolved in
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40 mL of dH2O under light stirring and 170 mg of silver nitrate dissolved in 10 mL of dH 2O.
The solutions were mixed, the stir speed increased, and the solution was titrated with 10
mL of 0.4 M sodium hydroxide. From here, the solution was washed (centrifugation at
12,000 rpm for 10 minutes) 3x with dH2O. Pellet was re-suspended in 35 mL of dH2O and
(bath) ultra-sonicated for 15 minutes at high intensity. Particle concentration
(mass/volume) was determined by dry weight (dried at 65 degrees C overnight). Stock
particle suspension was then ultra-sonicated, as above, and diluted to 4 mg/mL in 3% aq.
NH4OH. Above solution was then stirred at 250 rpm for 24 hrs. Solution was washed, resuspended (in 30 mL of dH2O), and ultra-sonicated in similar manner to earlier steps in a
50 mL square-cornered glass bottle. Particles were left to stand overnight; any
unstable/sedimenting particle mass was separated from the suspended phase by
aspiration using a glass pipette.
AgCNP2 particles: 109 mg of cerium nitrate hexa-hydrate (99.999% purity) was
dissolved in 47.75 mL dH2O in 50 mL square-cornered glass bottle. 250 μL of 0.2 M aq.
AgNO3 (99% purity) was added to the cerium solution above with the solution vortexed
for 2 minutes. From here, 2 mL of 3% hydrogen peroxide (stock) was added quickly to
the above solution followed by immediate vortexing for 2 minutes at highest rotation
speed. Solution was stored in dark condition at room temperature with the bottle (50 mL
square bottom glass) cap loose to allow for release of evolved gases; solutions were left
to age in these conditions for up to 3 weeks (monitoring solution color change from yellow
to clear). Particles were then dialyzed (in cellulose dialysis tubing) in 2 L glass beaker
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over 2 days in 2 liters of dH2O changed every 12 hours and stored in the same conditions
as for ageing. Particles are ultra-sonicated prior to any further use.
4.2.3 Materials Characterization
The morphology and dried size of the nanomaterials produced in this study were
determined using a Philips Tecnai 300 kV HRTEM. All samples were first dried on holey
carbon TEM grids to at room temperature and then stored under vacuum. UV-Vis
spectrophotometry was performed using a Perkin-Elmer spectrophotometer over a range
of 220 to 800 nm. X-ray photoelectron spectroscopy was used to characterize the
materials compositions as well as changes to their surface states. Additionally, UV
photoelectron spectroscopy was performed to characterize the valence states of each
sample as well to determine their bandgaps. ESCALAB-250Xi spectrometer at room
temperature in ultra-high vacuum chamber (below 7x10−9 mbar) using a monochromatic
Al-Kα radiation source, operating at a power of 300 W (15 kV, 20 mA). The spot size of
the beam was 650 µm. C 1s peak at 284.6 eV was used as a reference for calibration.
Avantage Peakfit® software was used to deconvolute XPS spectra. For reference XPSsimplified spectra from Thermo Scientific website were compared against the obtained
spectra as well as comparisons to literature values. Dynamic light scattering and zeta
potential measurements were performed in 0.1 M tris-Cl buffers using a Zeta-sizer Nano
from Malvern Instruments to determine the hydrodynamic diameters and zeta potentials,
respectively, of each AgCNP formulation. X-ray diffraction measurements were
performed using a PANalytical Empyrean powder X-ray diffractometer (1.8 kW Cu x-ray
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tube as source for theta goniometer, wavelength of 1.54 angstrom). Strain calculations
were performed using high-angle peaks from the spectrum.
4.2.4 Electrochemical Measurements
Electrochemical measurements were performed with a VSP potentiostat from
BioLogic. A round disk, glassy carbon electrode was used as a working electrode with a
saturated (KCl) calomel electrode as a reference electrode and platinum mesh counter
electrode. Cyclic voltammetry was performed from 1.0 V to -0.3 V for 50 fifty cycles at 1
V/s in 1 M H2SO4 following slurry polishing on a microfiber pad to clean the working and
reference electrodes previous to experiments. Experimental cyclic voltammetry
experiments were performed from 1.0 V to -0.3 V for 50 five cycles at 1 V/s. For each
experiment, changes to the voltammograms were monitored with successive cycles and
found to be stable.
4.2.4.1 Tafel Analysis of AgCNP formulations
For these experiments, 20 μL of 1mg/mL sample (from each of the AgCNP
samples) was dropcast onto the glassy carbon electrode (following electrode cleaning via
slurry polishing and electrochemical cycling in sulfuric acid, as detailed in section 1.2.4)
and dried under a gentle stream of nitrogen. The modified electrode was then dipped in
three washes of dH2O to remove any weakly bound particles. Tafel analysis was
performed by first monitoring sample open circuit potential until stable and performing
linear sweep voltammetry from 0.1 V more anodic than open circuit potential.
Voltammetry was performed at 20 mV/min in anodic on-going potential to 1.0 V.
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4.3

Results and Discussion

4.3.1 Samarium-doped ceria syntheses: chemical compositions
Samarium-doped ceria particle formulations were synthesized via a room
temperature forced hydrolysis reaction in presence of varied concentrations of samarium
(aqueous Sm3+, from a nitrate precursor). From here, particles synthesized by this
procedure will be referred to as CNP2 to distinguish this synthesis from that of the earlier
chapters. Given that trivalent lanthanides are noted to doped substitutionally into the
cerium oxide lattice at cerium lattice sites (SmCe’), the amount of starting cerium precursor
was scaled in proportion with samarium precursor content to fix the total lanthanide
concentration for each synthesis. Four formulations of varying samarium content were
produced with 0, 5, 10, or 20 mol% initial samarium. The samples produced will be
referred to as CNP2(0), CNP2(5), CNP2(10), and CNP2(20) for 0, 5, 10, or 20 mol% of
initial samarium content, respectively. The rationale for choosing samarium over other
lanthanide species is related to the influence of doping on oxygen vacancy character and
is detailed in section 4.1. X-ray photoelectron spectroscopy (XPS) was performed to
ascertain details of the chemical composition/character of the formulations.
XPS measurements provide chemical information related to the surface of material
samples. Specifically, the x-rays (and their energy) used for performing this
characterization are such that the technique probes the material at a penetration depth of
1 to 2 nm. Therefore, the technique describes material surface character. However, this
analysis region is sufficient to provide characterization into the bulk of small-diameter
particle materials, albeit incompletely/in disproportion to surface signal. Therefore, the
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technique can provide some information on the doping efficiency of well-behaved (i.e.
homogenous) doped systems. The Sm-Ce-O system is approximately well-behaved,
according to other studies, and therefore, XPS may be used as an approximation to the
true doping efficiency for the case of CNP2. However, it should also be noted that oxygen
vacancies formed in nanoceria formulations are known to localize to the material surface
and sub-surface. Therefore, estimations of vacancy concentrations for this material will
not be representative of the entire particle. Given this character, estimates of Ce 3+ are
only made for comparison among the different CNP2 formulations.

Figure 4.1: XPS of Sm-doped ceria samples. Cerium (a,c,e,g) and Sm elemental scans
(b,d,f,h) were performed for CNP2(0,5,10,20) formulations ((a,b),(c,d),(e,f),(g,h),
respectively. Sm content was observed to increase with initial values (b,d,f,h). Ce3+
concentration increases proportionally with doped Sm3+ concentration as 20.1, 23.7,
27.3, and 31.8% for 0, 5, 10, and 20 mol% initial concentrations (a,c,e,g; respectively).
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Figure 4.1 shows XPS measurements for the CNP2 formulations. In comparing the
various formulations, a clear trend is seen in increasing samarium and Ce3+-related peak
intensities with increased initial dopant fraction. For the cerium elemental scans (Figure
4.1(a,c,e,g)), the reduced state cerium fraction can be seen qualitatively as the growing
relative intensity of red fitted peaks relative to the green. Of course, the increasing trend
in samarium intensity is related to the total samarium content. Semi-quantitative values
of %Sm and the Ce3+/Ce4+ ratio are collected in Table 4.1. In considering the observed
trends together, along with the positive correlation between oxygen vacancy density,
Ce3+, and Sm3+, we determine that the incorporation of samarium was successful.
Further, the increasing Sm3+ content is proportional to the increasing Ce3+ content, as
observed in related studies (arising from the requirement for crystal charge
neutrality/equilibrium and/or strain effects). However, to determine whether the samarium
is actually doped into the cerium oxide lattice, as opposed to some un-doped content, xray diffraction (XRD) measurements were performed.
Table 4.1: Samarium incorporation and Ce3+/Ce4+ for CNP2 formulations from XPS
at% Sm (initial)

at% Sm (final)

Ce3+/Ce4+

0

0

0.25

5

6.67

0.31

10

11.05

0.38

20

14.50

0.47
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4.3.2 Samarium-doped ceria syntheses: Crystal structure characterization
(Powder) XRD measurements of all formulations were performed to determine the
samarium doping character, as well as determine strain arising from the doping. Figure
4.2 shows the collected spectra. Cerium oxide-specific, fluorite structure peaks were clear
and present for all samples (Figure 4.2(a)) suggesting crystallinity. [111], [002], [022]
peaks were observed to be most prominent, consistent with observations in other studies
from literature. It is clear that doping was incomplete for the 10 and 20% Sm samples, as
represented by the presence of Sm2O3 specific peaks (between 35 and 40 2θ; ~38 2θ).

Figure 4.2: X-ray diffraction spectra for CNP2 formulations and strain calculations. (a) xray diffraction of stacked spectra showing doping of samarium into the ceria lattice for
CNP2(5); emergence of un-doped Sm2O3 phases for CNP2(10) and CNP2(20). (b)
increasing strain in particles with increasing samarium content until CNP2(20).
Strain calculations (Figure 4.2(b)) were performed using high-angle peaks and was
found to increase with samarium content for CNP2(0), CNP2(5, and CNP2(10). The
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observed trend seems appropriate given the substantial amount of Sm 2O3 phase
evidenced in the XRD spectrum for CNP2(20). Despite the slight presence of samarium
oxide seen for CNP2(10), the strain increased proportionally with the relative samarium
content. Likely, the undoped fraction is small and possibly more diffuse/distributed in the
material (possibly demonstrating a limited surface segregation). However, the negligible
change in strain value between CNP2(10) and CNP2(20) will be related to the clear and
substantial presence of samarium oxide. Given the successful doping for CNP2(5) and to
a lesser extent CNP2(10), along with the increasing trend in Ce3+ content with increasing
samarium, we next sought to determine the relative enzyme-mimetic activities
demonstrated for each formulation.
4.3.3 Samarium-doped ceria syntheses: Enzyme-mimetic character
Superoxide dismutase (SOD) and catalase chemical assays were performed for
the four test solutions to determine their relative enzyme-mimetic activities. The presence
of oxygen vacancies and the related Ce3+ concentrations are known to have substantial
influence on the relative activities related to each of these for a given formulation.
Specifically, a general inverse relationship between the different activities has been
suggested in literature with high Ce3+ contents in a material suggesting high SOD-like
activity and lower contents suggesting greater catalase activity. Therefore, we anticipate
an increasing SOD activity for samples with increasing fraction of samarium and a
proportional, decreasing, catalase activity.
Figure 4.3 shows the relative performance of the CNP2 formulations in each assay.
As suggested by the XRD results related to doping, we see a trend in property variation
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from 0 to 10 mol% doping, with CNP2(20) showing aberrant behavior in catalase assay
(Figure 4.3(a)). Catalase activity is presented as the concentration of an added peroxide
content in solution following a fixed incubation time. Percent catalase activity is noted for
each sample in the figure. Excluding CNP2(20), the inverse trend between catalase
activity and Ce3+ fraction is demonstrated for the samples. Additionally, the performance
of the high Ce3+/Ce4+ ratio CNP1 sample adds to the trend.

Figure 4.3: Enzyme-mimetic catalytic activity assays for CNP2 formulations. (a) Catalasemimetic and (b) superoxide dismutase-mimetic character show unique trends with
samarium incorporation. Catalase activity is observed to decrease while superoxide
dismutase character shows negligible correlation with increasing samarium.
In contrast, increasing doping fraction has little relation with SOD activity (Figure
4.3(b)). It is observed that the four CNP2 formulations show little activity over the negative
control sample. However, it should be noted that CNP2(5) appears well-doped, as
compared to other samples, and possesses the greatest overall SOD activity and a
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slightly lower catalase activity relative to CNP2(0). The general trend is not certain,
despite this, given the narrow difference in SOD activity seen for all formulations.
Additionally, it is possible that the enzyme-mimetic activity was impacted by the redoxinactive nature of Sm3+. Samarium atoms substituting at cerium sites neighboring
vacancies may inhibit catalytic activity by disrupting mechanisms normally occurring at
these sites for the pure (un-doped) oxide. Based on the obtained results it seems that the
doping of samarium into CNP2 is ineffective at conferring an appreciable SOD activity.
4.3.4 Silver-modified ceria: synthesis and characterization

Figure 4.4: Silver-modified nanoceria syntheses. (a) post-synthesis chemical treatment
of AgCNP1 formulation showing dissolution of silver, formation of [Ag(NH) 3]+, and
washing to final particles. (b) Fully-aged, clear AgCNP2 formulation.
Silver modified cerium oxide formulations (AgCNPs) were synthesized in two
unique formulations (AgCNP1, AgCNP2) each utilizing different chemical reactions
specific to aqueous silver. AgCNP1 was synthesized via a previously developed, two step
procedure. Briefly, a solution containing AgCNP-like, silver-modified nanoceria, and silver
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secondary phases are formed via an alkaline-forced hydrolysis reaction at room
temperature. The product materials are washed with dH2O and subsequently treated with
ammonium hydroxide. Ammonium hydroxide functions as an etchant as well as a phase
transfer complex: mediating the solubilization/stabilization of dissolved silver ions in the
aqueous phase. In particular, the reaction results in the formation of Tollen’s reagent
(Ag[(NH3)2OH]aq). The resulting single particle solution is then washed with dH 2O to
remove excess base and counter/spectator ions. AgCNP2 utilizes the stability of silver
ions towards oxidation by hydrogen peroxide. Specifically, dissolution of cerium and silver
nitrates followed by addition of hydrogen peroxide leads to the selective oxidation of
cerium ions over silver and the evolution of metallic silver phases on the ceria surface.
The unique synthesis conditions of these particles suggest a potentially disparate particle
character. A schematic detailing synthesis of both AgCNP formulations is presented in
Figure 4.4.
Table 4.2: Material properties of AgCNP1 and AgCNP2 formulations
AgCNP1

AgCNP2

25.8%

53.7%

[Ag]/[Ag+Ce]

16.9%

14.6%

Hydrodynamic Diameter (nm)

42.2±4.6

16±5.1

Zeta Potential (mV)

22.4 ± 0.9

24.1 ± 1.3

Ecorr

465.386 mV

217.374 mV

Icorr

0.027 uA

0.013 uA

3+

Ce :Ce

4+

3+

(%Ce )
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Colloidal characters of the particles were evaluated for kinetic stability, surface
potential, and hydrodynamic diameter. Dynamic light scattering (DLS) measurements of
each sample are collected in Table 4.2 and relate a greater particle size (including specific
spheres of hydration) for each formulation with AgCNP1 particles being ~3x larger in
diameter. Further, zeta potential measurements indicate a greater surface potential for
AgCNP2 over AgCNP1, each with a positive polarity. These characterizations suggest
the observation that AgCNP2 particles show greater kinetic stability over AgCNP1
(AgCNP1: moderate precipitation following particle ageing 1 week in room condition;
AgCNP2: no observable sedimentation for greater than 5 months). AgCNP1 particles also
present as turbid in solution at 1 mg/mL whereas AgCNP2 are completely translucent
under similar conditions, suggesting greater Mie scattering related to larger particle size.
Particles from each synthesis were observed to demonstrate unique fundamental and
functional material character.
4.3.5 Silver-modified ceria: particle crystallinity and hydrodynamic size
As shown in Figure 4.5(a), the XRD pattern of AgCNP1 sample shows six major
related to CeO2 (ICSD 55284) indexed as (111), (002), (022), (113), (133), and (024);
with minor peaks associated with metallic silver (ICSD 44387) present at trace levels. The
intensity of the (111) peak is relatively strong, in line with related findings in literature for
comparable nanoceria formulations and with other silver-doped ceria particles
synthesized at low temperatures. Peak broadening is obvious for AgCNP1 with the
FWHM value 3.32 obtained for the [111] peak (peaks fitted with the Pseudo-Voigt
function). A small heterogeneous strain is observed and contributes to the observed peak
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broadening. AgCNP2 nanoparticles could not be precipitated from solution to a significant
extent due to their strong hydration and the presence of additional ionic components as
detailed in chapter 3. Therefore, grazing incidence XRD was performed on a sample dried
on a glass substrate. As shown in Figure 4.5(b), the peaks are visibly narrow, indicating
less stress and larger crystallite size, although we refrained from estimating the strain
using a Williamson hall plot given the nature and quality of the data. If we compare
AgCNP1 and AgCNP2 XRD pattern, relative intensities of the planes' peaks (111) and
(002) contrast each other. In general, the highest intensity corresponding to a plane
shows an abundance of that surface and directional solidification. The ceria (111) plane
has the lowest surface energy next (022), which is evident from the relative intensities of
corresponding peaks in the AgCNP1 XRD pattern. According to Zhang et al., (200) plane
despite having higher surface energy, can be formed when oxygen vacancy density
reaches 50% within the facet, fulfilling the zero-dipole moment condition for the formation
of (200) surface 96. Additionally, the surface dipole and related under-coordination can be
mitigated by adsorption of solution components. In the case of our aqueous synthesis,
surface hydration will be pronounced with hydroxylation being especially favored for [200].
Differences in surface faceting between each formulation suggest potential differences in
catalytic activities and unique chemical reactivities. Further, the unique faceting suggests
variations in particles morphology and, especially, for unique interfaces between ceria
and silver phases.
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Figure 4.5: Materials characterization of AgCNP formulations. (a) shows XRD patterns
of AgCP1 with major peaks belonging to Cerium (IV) oxide (ICSD 55284) and minor
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peaks belonging to silver metal (ICSD 44387) signifying abundance of cerium oxide
phase with traces of silver metal; (b) shows Grazing incidence XRD (GIXRD) pattern of
AgCNP3. Major and minor peaks match those of AgCNP1. (c) X-ray photoelectron
spectroscopy (XPS) survey of AgCNP 1 and AgCNP 2. The identified peaks correspond
to various emissions related to Ce, O, C, and Ag. (d) Deconvoluted XPS Ce (3d)
spectrum of AgCNP 1 and AgCNP 2 samples. (e) Deconvoluted Ag 3d XPS spectrum of
AgCNP1 and AgCNP2. (top) Peaks at 368.2 eV (Ag 3d5/2) and 374.2 eV (Ag 3d3/2) are
metallic Ag (Ag0) and well-separated spin–orbit coupling of ~ 6 eV. The lower binding
energy sides at ~ 367 eV and ~ 373 eV are attributed to the Ag+ oxidation state.
(bottom) The peaks at 368.2 eV (Ag 3d5/2) and 374.2 eV (Ag 3d3/2) are metallic Ag
(Ag0) and well-separated spin–orbit coupling of ~ 6 eV. (f) TEM image of AgCNP1
showing the spherical particles (with the size of 20 nm) enriched with Ag nanoparticle
(with the size of 2-5 nm). (Inset: Ag and Ceria particles are identified). (right) SAED
pattern of AgCNP1 confirming crystallinity. (h)TEM micrograph of AgCNP2 showing the
agglomerated CeO2 particles joined with various sizes of Ag nanoparticles (5 to 20 nm).
(Inset shows the spherical Ag nanoparticles strongly interconnected with agglomerated
CeO2 particles). (right) SAED patten also confirming the crystalline nature of AgCNP2
material. (h) Tafel analysis for AgCNP 1 and 2 showing unique corrosion potentials for
each formulation (465.386 and 217.374 mV, respectively). Measured Ecorr values are
substantially more noble than pure silver (-150 mV, determined experimentally)
suggesting a stabilization of silver phases by cerium oxide with AgCNP1 ~ 250 mV
more noble than AgCNP2.
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4.3.6 Silver-modified ceria: Surface Chemistry Analysis
The presence of Ce, O, and Ag on the surface has been confirmed with XPS
survey spectrum for Ag doped CeO2 NPs. Figure 4.5(c) shows the survey spectra of
various elements (Ce3d, O1s, C1s and Ag3d) for both AgCNP1 and AgCNP2. A lowintensity carbon C 1s peak at 284.8 eV is present, most likely due to atmospheric
contaminants adsorbed on the surface of the sample and N 1s peak at 405 eV is present
which is coming out from the nitrate precursor used in the preparation. High-resolution
spectra were acquired in the Ce 3d, O 1s, and Ag 3d regions for obtaining the relative
concentrations and possible chemical bond identification.
The Ce3d spectrum is composed of multiple doublets (u and v) corresponding to
spin-orbit split of 3d3/2 and 3d5/2. The Ce3d spectrum showed the presence of Ce3+ and
Ce4+ (fitted by Gaussian function) in both AgCNP1 and AgCNP2. The peaks labeled as
vo, v′, uo and u′ imply the presence of Ce3+ states and peaks labeled as v, v″, v‴, u, u″ and
u‴ reveal the presence of Ce4+ states as shown in Fig. 4.5(d). The relative amount of Ce3+
in all the synthesized samples has been calculated using the following equation,
[𝐶𝑒 3+ ] =

𝐶𝑒 3+
𝐶𝑒 3+ +𝐶𝑒 4+

= ∑ ∫(𝑢, 𝑣, 𝑢′ , 𝑣 ′ ) / ∑ ∫(𝑎𝑙𝑙 𝑐𝑒𝑟𝑖𝑢𝑚 𝑝𝑒𝑎𝑘𝑠)

(4.1)

All the samples have been found to be non-stoichiometric, from the area under
each peak, with 78% of the Ce3d photoemission due to Ce4+ and the remaining 22% due
to Ce3+ state in AgCNP1 samples. For AgCNP2 samples, we have observed higher Ce3+
concentration (60.9%) (see Figure 4.5(d)). Here, AgCNP1 and AgCNP2 samples are
prepared in two different synthesis protocol and the quantified concentration of Ce3+
indicates that the oxidation state of CNP can also be controlled by the synthesis process.
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The peak position at ~916.4 eV is a satellite peak related to the Ce4+ oxidation state.
Thus, variation in this peak intensity, comparative to other peaks, provides quantifiable
information with respect to the relative difference in concentration of each oxidation state.
The relative intensity of the peak around 916.4 eV is significantly lower for AgCNP2
compared to the AgCNP1 sample. Variation in Ce3+/Ce4+ ratio values for both
formulations are collected in Table 4.1.
Ag3d spectrum of sample AgCNP1 showed a doublet on 368.2 and 374.2 eV
(3d3/2 and 3d5/2, respectively) which correspond to metallic Ag in AgCNP1. In addition,
a doublet at 367.5 and 373.2 eV which attributed to Ag + in AgCNP1. The quantitative
concentration of Ag0 and Ag+ in AgCNP1 were 73.8 % and 26.2 %, respectively which
indicates that predominant silver is in the form of metallic silver and it is well agreement
with the previous report. On the other hand, signature of metallic Ag peaks is observed in
the Ag 3d core-level spectra for AgCNP2 as shown in Figure 4.5(d). The binding energies
at 368.2 eV (Ag 3d5/2) and 374.3 eV (Ag 3d3/2) are metallic Ag (Ag 0). Therefore, we can
say that in both AgCNP1 and AgCNP2, stabilized reduced silver particles are mainly
observed. It is worth emphasizing that the full width of half maximum (FWHM) of metallic
Ag0 in the Ag 3d peak is increased in both AgCNP1 and AgCNP2 (FWHM ~1.25 eV)
compared to the pure silver nano-powder with the size of 150 nm size (FWHM ~0.76 eV).
This FWHM increment can be attributed to a decrease in silver particle size. Generally
considering, a normal energy resolution/error of ±0.1 eV in the binding energy scale,
some examples concerning Ag XPS size sensitivity was reported on the silver supported
on various substrates, such as quartz, carbon and TiO2. This size dependent change
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observed in the XPS spectra of the AgCNP samples influences the electronic structure
and optical properties of Ag nanoparticles incorporated into the CeO2. It was also reported
earlier that FWHM increases by decreasing the particle size due to the reduced electronic
screening of the final state core hole potential.
The O1s electron core spectra for AgCNP1 and AgCNP2 are shown in Figure
4.5(d). The peak around 529 eV is attributed to lattice oxygen of Ce4+–O2− and the peak
around 530.7 eV is due to lattice oxygen of Ce3+–O2−. The third peak at 531.6 eV in both
the samples may be due to either defect oxides or surface hydroxyl groups. Similar types
of findings were also reported that the peak between 531 and 532 eV to ionized oxygen
species that could allow compensation of deficiencies in the subsurface of metal oxide. It
can be easily illustrated that average Ce3d photoemission due to Ce3+ is higher in
AgCNP2 samples as compared to that in AgCNP1 sample which is surely responsible for
more anionic (O2−) vacancies in AgCNP2 sample. The lower intensity peak positioned at
533 eV corresponds to C-O bonds and chemisorbed atmospheric oxygen species (OC=O/C=O).
4.3.7 Silver-modified ceria: Particle Morphology Size
The structural characteristics of AgCNP nanoparticles are studied using highresolution transmission electron microscopy (HRTEM) and results are presented in Fig
4.5(f,g). It can clearly be seen that AgCNP1 particles are uniformly distributed and
spherical in shape, with a diameter of ~15-20 nm. The particles were highly
polycrystalline, with the appearance of alternating silver and ceria crystallite phases
comprising larger particles. The formation of two distinct crystalline phases (silver and
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cerium oxide) is evident from XRD results (Figure 4.5(a,b)). The higher magnification inset
images clearly show crystallites with estimated d spacings of ~ 0.326 nm and 0.233 nm
(as calculated by Inverse Fast Fourier Transform (IFFT) analysis). These values
correspond to the (111) planes of cubic silver and cerium oxide, respectively. Selected
area electron diffraction pattens of AgCNP1 (Figure 4.2(g)) show circular diffraction
patterns (halos), which are indicative of the nanoscale (ring patterns are related to the
limited number of crystal planes in nanoscale phases and a related incomplete electron
diffraction), crystalline nature of the Ag/CeO2 nanoparticles and are in good agreement
with the XRD results. HRTEM images for AgCNP2 particles (Figure 4.5(f,g)) show CeO2
particles in interface with comparably sized (5 to 10 nm) nanocrystalline phases. Further
HRTEM images focusing on the interphase between individual CeO2 crystallites (~5 nm
in size) and silver (~5 nm in size) crystallites revealed their strong inter-connection at the
surface (figure 4.2(g)).
4.3.8 Silver-modified ceria: proposed particle formation mechanism
Given the wealth of material character information provided by XRD, XPS, and
HRTEM measurements for each sample and of the related controls samples, there are
many conclusions which may be drawn specific to each AgCNP formulation. Firstly, the
concentrations of Ce3+/Ce4+ for each sample is noteworthy and suggests a facile
formation of silver phases on the nanoparticle surface, per the computational studies
discussed in section 4.1. The referred study found that a silver cluster brought into
moderately close contact with a defected ceria surface saw strong interaction between
the two phases. Further, a similar study of a stoichiometric ceria phase saw negligible
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interaction suggesting that oxygen vacancies formed on the particle surface function as
nucleation sites for the unique silver phases observed in each synthesis. Further, the
specific morphological character and size of the silver phases can also be logically related
to the non-stoichiometry of the surface from each particle. CNP1, which can be
considered the ceria parent particle to AgCNP2, possesses a similar Ce 3+ content to
AgCNP2 (53 and 59%, respectively). This suggests that the CNP1 surface is dominated
by vacancy sites which can nucleate silver. The large silver phases observed HRTEM
images can therefore be ascribed to the substantial surface area available for silver
nucleation. XRD spectra also show high presence of [111] and [200] planes. [111] planes
demonstrate a high atomic density: allowing high diffusivity of adsorbed silver species,
while [200] planes possess strong hydration which can serve to replenish oxygen, used
in reducing silver to the metallic character observed in the XPS spectrum. Collectively,
these mechanisms/processes can work in concert to effect larger silver phase nucleation,
observed in the HRTEM. In contrast, AgCNP1 has a relatively lower Ce 3+ population:
suggesting silver nucleation sites will be less dense. However, the XRD spectrum shows
a similar plane distribution as for AgCNP2: suggesting silver phase formation may be
accomplished by a similar mechanism (i.e. coordination, diffusion, and reduction via
processes at unique planes). The differences in silver character are further suggested by
the significant presence Ag+ peaks observed for AgCNP1. Specifically, smaller, more
dispersed silver phases on AgCNP1 will create a greater total interfacial area between
silver and cerium; in considering the proposed formation of a thin (one to few monolayer)
Ag-O layer at the ceria-silver interface proposed by Preda et. al this peak can be
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considered as arising from such an inter-layer 11. The absence of the Ag+ peak in AgCNP2
spectra may occur due to the significant peak broadening noted in section 4.3.6,
preventing the resolution of the peak given the relatively small interfacial area produced
by the larger more distinct silver phase.
4.3.9 Electrochemical Characterization
XPS results suggest a unique silver character for each formulation and therefor,
the stability of silver phases for each formulations were evaluated via common
electrochemical techniques. Electrochemical measurements (Figure 4.2(h) were
performed to determine the activity of silver phases in AgCNP formulations along with
their susceptibility to electron transfer processes. In corroboration with XPS results,
AgCNP1 (Figure 4.2(e-g)) evidenced a larger Tafel potential than AgCNP2 (Figure 4.2(h))
(465.4 vs. 217.4 mV, respectively) suggesting a greater stability towards electron transfer
and a more noble oxidation character. Interestingly, AgCNP1 demonstrated a Tafel
current which was twice the value observed for AgCNP2 (0.027 and 0.013 μA,
respectively) (Table 4.1). These values are relatively low suggesting an overall stability
for silver phases in each formulation. However, the greater current value for AgCNP1 at
higher potential may be understood from XPS spectra wherein a fraction of sample silver
content was found as an oxide. Penetration of silver into the ceria surface/sub-surface
would increase the Tafel potential (i.e. have a stabilizing effect on the silver phase) while
simultaneously improving registry of the phases at their interphase, improving charge
transfer as Tafel current. TEM images confirm the greater interfacial area for silver-ceria
in AgCNP1 over AgCNP2. Significantly greater anodic β values over cathodic were
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observed in Tafel analysis for both samples suggesting electron transfer at Tafel
potentials are kinetically favored by oxidation processes. While electrochemical methods
can provide information on fundamental charge transfer processes, this characterization
provides only nominal information at the atomistic or chemical level.
4.3.10 Bandgap and Conduction Band levels
Conduction band position and composition were determined via two approaches;
namely, Tauc analysis of UV-Vis spectrophotometry and ultra-violet photoelectron
spectroscopy (UPS). In each case, materials from both formulations were observed to
have narrower bandgaps as compared to control syntheses in absence of silver (2.81 v.
2.88 for AgCNP1 and 3.53 v. 4.12 eV for AgCNP2). However, the bandgaps are not
substantially different from these control syntheses: suggesting the metallic silver phases
do not confer a significant density of states within the bandgap (i.e. bands intra-gap levels
remain narrow), in corroboration with electrochemical results detailed above (section
4.3.9). UPS valence band spectra are unique to each formulation and allow description
of atomic-level characterization. The spectrum collected for AgCNP1, interestingly, shows
a significant intensity at the valence band region. This level population is ascribed to the
presence of silver; especially at the interfaces between ceria and silver phases. XPS
spectra show a singular metallic character for AgCNP2 samples while AgCNP1 shows an
additional population of silver oxide. Given the presence of bandgaps in each material,
the comparable silver fractions in each formulation, and the greater intensity in the
valence band region for AgCNP2, it appears that the density of states at the valence band
region is not specific to metallic/bulk-like silver phases. However, it was found that upon
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heating the samples in air, density was shifted towards higher energy suggesting an
increase in silver oxidation and therefore ascribing the levels to metallic and/or low
oxidation state silver. Decreasing bandgaps for each material, relative to control
syntheses, along with the introduction of silver and modulation of Ce3+/Ce4+ ratio values
suggest a potentially greater surface reactivity beyond that of control ceria samples.
Therefore, the activity of both AgCNP formulations were assessed for ROSscavenging/generating activities.
4.3.11 Silver-modified nanoceria: Enzyme-mimetic character

Figure 4.6: Enzyme-mimetic activity of silver-modified nanoceria in comparison with
CNP2 formulations. (a) Superoxide dismutase assay and (b) catalase-mimetic activity
assay results. AgCNP formulations show significant improvement over CNP2
formulations, with both formulations demonstrating high activity comparable to CNP1
positive control. Catalase performance for AgCNP2 was comparable to CNP2
formulations, while AgCNP2 showed greater activity over all tested preparations.
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ROS generating/scavenging activity in ceria nanomaterials can be approximated
by determining their relative catalase- and SOD- mimetic activities. Assays for each
activity were conducted as a measure of the effects of silver modification on these
reactions/reactivities. SOD-mimetic activity was recorded with both formulations
demonstrating high scavenging activity (Figure 4.3(a)). In each case, the indicator dye
was near-completely quenched during the reaction time period. Silver nanomaterials are
known to possess high SOD activity in their pure forms and this property was also
observed in controls for the present study (data not shown). As noted in chapter 2, the
high Ce3+ concentration seen in AgCNP2 should confer SOD activity as well, in a manner
similar to that of CNP1. It is possible then that the SOD activity observed here arises from
contributions from both nanocrystal phases. However, it should be noted that theoretical
and computational studies into silver-modified ceria surfaces demonstrate a localization
of Ce3+ reduced states to the ceria-silver interface 11. Therefore, near room temperatures,
it is possible that some Ce3+ sites (neighboring oxygen vacancies) will not interface with
test solution: potentially limiting their SOD activities. In contrast, these charged sites may
facilitate electron transfer at the material interface upon silver surface reaction improving
the reaction kinetics. Precise characterization of these reaction pathways however is
outside the scope of the current study. It should however be noted that the total ceriasilver interfacial area is substantially greater for AgCNP1 particles and therefore, it is likely
a large fraction of reduced state cerium localize to these regions (Figure 1). Interestingly,
despite the high population of reduced states relative to the control synthesis, AgCNP1
also demonstrates a marked catalase activity (Figure 4.3(b)). This is in strong contrast to
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un-doped/modified nanoceria (CNP2(0)) which show inverse relationships between
material catalase and SOD activities. Further, silver nitrate control did not possess
significant catalase activity (data not shown).
Given the substantial activities in each assay for AgCNP1, it appears that each
phase in the material contributes activity: giving the modified formulations greater
functionality over each pure phase materials. The lack of catalase activity in AgCNP2
likely arises from the high density of reduced states at the material surface in interface
with solution (due to the limited total ceria-silver interfacial area for particles in this
formulation and high Ce3+/Ce4+).
4.4

Conclusions

In chapter 4, attention was shifted from investigations of synthesis reactions and
conditions to applied studies into the tuning of nanoceria formulation enzyme-mimetic
activities via modifying material surface chemistry. Two distinct approaches were taken:
doping of chemically/functionally inert samarium species into the cerium oxide lattice to
promote vacancy formation and the surface modification of nanoceria with silver phases.
Doping of samarium into the ceria lattice was accomplished for 5 and 10 mol% Sm
formulations, while at 20 mol% appreciable Sm 2O3 phases were identified through x-ray
diffraction. X-ray photoelectron spectroscopy, however, found that incorporation of
samarium showed a positive correlation with the starting samarium amount. Further,
increasing samarium content correlated with increasing Ce3+ fraction in the material.
Superoxide dismutase and catalase assays demonstrated a significant decrease in
catalase activity (in proportion with increasing Ce3+ content), however, the hypothesized
87

concurrent increase in superoxide dismutase activity (as suggested in results from other
studies) was not observed. We conclude that the doping approach was ineffective in
producing a wider range of enzyme-mimetic catalytic activity.
The study involved the production of two unique formulations incorporating silver
phases at the surface of different nanoceria preparations. In particular, two reaction
chemistries are probed. Firstly, a synthesis similar to that explored in chapters 2 and 3
using hydrogen peroxide was performed due to the known ionizing reaction of solid silver
with hydrogen peroxide, which disallowed the formation of secondary silver phases while
allowing silver redox at the ceria surface. The other reaction chemistry utilized the
degradative effects of ammonium hydroxide on secondary silver phases. In particular, the
ammonium hydroxide leads to a degradation of the silver phase through oxidative etching
followed by the dispersion/stabilization of the ionized silver as aqueous amine complexes.
These contaminate phases are then simply washed away by centrifugation as aqueous
amine complexes. It was found that while both formulations possessed substantial
superoxide dismutase activity, the method involving chemical etching also demonstrated
a robust catalase activity. In this way, a nanoceria formulation was produced with a broad
enzyme-mimetic activity.
The findings from this chapter should provide added insight to the rational design
of nanomaterials for a number of specific applications in biomedicine. Further, the breadth
of surface characters investigated should allow for specific tuning (i.e. precise synthesis
modification) of a given ceria formulation towards improving/evolving certain catalytic
activities.
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CONCLUSIONS
The intent of this thesis was the extended characterization of a common nanoceria
formulation synthesis as well as the surface chemistry informing such synthesis. In
particular, the thesis focuses on the use of hydrogen peroxide as a surface and as a
precipitating ligand to effect cerium oxide nanomaterials with specific surface activity.
Further, the intended goal was to develop and optimize formulations for effective use in
biomedical applications. Crucial to this step is the examination of ageing effects on the
particles and the specific action of ageing on the particles. The studies defining each of
chapters 2, 3, and 4 lead to their own conclusions with respect to these intended goals
as well as in composition with each other.
In Chapter 2 the individual events of colloid formation are identified and
characterized. It was found that the particles undergo significant drop in pH within a 24
hour period and remain at this low pH for up to 8 weeks. During the ageing period it was
found that despite the inhibitory pH, particles continuously age to form stable colloidal
phases. This was demonstrated in electron micrographs as well as visualized empirically
as the spontaneous re-dispersal of particles into solution over the ageing period
(dissolution from sediment). X-ray photoelectron studies and differential scanning
calorimetry measurements further showed a trend in increasing Ce3+ content and loss of
amorphous, hydrated phases, respectively. From the obtained results it is concluded that
slow nucleation of particles at low pH and poor peroxide degradation surface reaction
kinetics lead to sedimentation of peroxy-cerium hydrates. Over time, these particles
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undergo hydrolysis, condense, and are able to re-disperse as stable nanocrystals
approximately 5 nm in diameter with a narrow size dispersion.
Chapter 3 focused on the presence and action of peroxide as a precipitating as
well as a colloid surface ligand. The influence of peroxide as such on the synthesis particle
product is characterized through synthesis of different solutions of varying peroxide
concentration. Particles from all solutions produced particles of similar size and
morphology (3 to 5 nm, spherical) with limited size dispersion. It was found from x-ray
photoelectron spectroscopy measurements that the amount of Ce 4+, relative to Ce3+,
increased with increasing peroxide concentration. The results obtained were attributed to
an increasing extent of reaction: with greater peroxide concentration leading to greater
particle product formation. The presence of free, aqueous Ce 3+ ions was confirmed
through dialysis of the final material product. Enzyme-mimetic superoxide dismutase
assay measurements for the varied syntheses showed comparable activities for all
particles, suggesting that free cerium ions contribute to the total activity. From here, a
synthesis was performed wherein reaction occurs at a fixed pH to optimize the synthesis
process and determine the influence of pH during ageing on particle product and on the
overall extent of reaction. Synthesis of particles in a buffer at controlled pH lead to a
substantial decrease in the required ageing period (from 8 to 3 weeks), relative to a
synthesis of comparable peroxide concentration with pH change as a degree of freedom
in the reaction (pH fixed at initial pH of comparable synthesis). It is determined that the
low pH limits degradation/reaction of/with peroxide at the cerium surface (given the
increasing amount of Ce3+ with decreasing peroxide concentration) and also contributes
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to, or controls, the ageing period of the particles. It was also determined that synthesis in
the acetate buffer resulted in particles which were slightly larger than those of the related
synthesis in de-ionized water. The observed difference in particle size is ascribed to the
modulation of surface energy for growing colloid phases in these formulations: leading to
close interaction between surfaces and formation of poly-crystalline nanomaterials.
In chapter 4, attention was shifted from investigations of synthesis reactions and
conditions to applied studies into the tuning of nanoceria formulation enzyme-mimetic
activities via modifying material surface chemistry. Two distinct approaches were taken:
doping of chemically/functionally inert samarium species into the cerium oxide lattice to
promote vacancy formation and the surface modification of nanoceria with silver phases.
Doping of samarium into the ceria lattice was accomplished for 5 and 10 mol% Sm
formulations, while at 20 mol% appreciable Sm 2O3 phases were identified through x-ray
diffraction. X-ray photoelectron spectroscopy, however, found that incorporation of
samarium showed a positive correlation with the starting samarium amount. Further,
increasing samarium content correlated with increasing Ce3+ fraction in the material.
Superoxide dismutase and catalase assays demonstrated a significant decrease in
catalase activity (in proportion with increasing Ce3+ content), however, the hypothesized
concurrent increase in superoxide dismutase activity (as suggested in results from other
studies) was not observed. We conclude that the doping approach was ineffective in
producing a wider range of enzyme-mimetic catalytic activity.
The study involved the production of two unique formulations incorporating silver
phases at the surface of different nanoceria preparations. In particular, two reaction
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chemistries are probed. Firstly, a synthesis similar to that explored in chapters 2 and 3
using hydrogen peroxide was performed due to the known ionizing reaction of solid silver
with hydrogen peroxide, which disallowed the formation of secondary silver phases while
allowing silver redox at the ceria surface. The other reaction chemistry utilized the
degradative effects of ammonium hydroxide on secondary silver phases. In particular, the
ammonium hydroxide leads to a degradation of the silver phase through oxidative etching
followed by the dispersion/stabilization of the ionized silver as aqueous amine complexes.
These contaminate phases are then simply washed away by centrifugation as aqueous
amine complexes. It was found that while both formulations possessed substantial
superoxide dismutase activity, the method involving chemical etching also demonstrated
a robust catalase activity. In this way, a nanoceria formulation was produced with a broad
enzyme-mimetic activity.
The findings from this chapter should provide added insight to the rational design
of nanomaterials for a number of specific applications in biomedicine. Further, the breadth
of surface characters investigated should allow for specific tuning (i.e. precise synthesis
modification) of a given ceria formulation towards improving/evolving certain catalytic
activities.
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